
ABSTRACT 

EDMUNDS, BROOKE AURORA.  Factors Affecting Susceptibility to - and Management of 
- Postharvest Soft Rot of Sweetpotatoes Caused by Rhizopus stolonifer.  (Under the direction 
of Gerald J. Holmes). 
 

Studies were undertaken to explore the relationship of R. stolonifer susceptibility with 

preharvest growing conditions and postharvest handling of sweetpotatoes.  Additional studies 

were also completed to identify effective decay control products.   

A three-year study investigated the effect of preharvest conditions on R. stolonifer 

and Erwinia chrysanthemi susceptibility.  Roots were harvested from 75 sweetpotato fields 

and information collected including soil samples, weather during the growing season, weed 

density, and insect injury (153 predictors).  Roots were inoculated after 100 days in storage.  

Mean R. stolonifer incidence was 34.9% (standard deviation=31.7%) and mean E. 

chrysanthemi incidence was 51.0% (standard deviation=30.5%).  Predictive models were 

developed using forward stepwise regression to identify predictors of interest, followed by 

mixed model analysis (p-value<0.05) to produce a final model.  R. stolonifer susceptibility is 

best predicted by soil calcium (% CEC), plant-available soil phosphorus, soil humic matter 

(%), mean air temperature, mean volumetric soil moisture at 40 cm, and mean soil 

temperature at 2 cm (all over the growing season).  E. chrysanthemi susceptibility is best 

predicted by soil pH and days that soil temperature exceeds 32 ºC (14 days pre- harvest).   

Studies were also conducted to define the relationship between postharvest handling 

and susceptibility to R. stolonifer.  Experiments designed to simulate packingline handling 

found root ends are more susceptible that mid-sections and that increasing the number of 



time a root is dropped as well as increasing the impact force resulted in increased decay 

susceptibility.  ‘Hernandez’ roots were significantly more susceptible than ‘Beauregard’ in 

all experiments.  To confirm the relationship of impacts and disease development, 

Beauregard roots were sampled from locations along commercial packinglines.  High decay 

in inoculated as compared to non-inoculated roots indicates that wounding is occurring that 

could result in disease if the pathogen was present at higher levels.   

Evaluations of reduced-risk fungicides, bio-fungicides and generally recognized as 

safe products for efficacy against R. stolonifer found that reduced-risk chemistries 

boscalid+pyraclostrobin and fludioxonil significantly reduced R. stolonifer development and 

performed similarly to dicloran.  Pseudomonas syringae based products were moderately 

effective although results were extremely variable among tests.  Generally recognized as safe 

treatments were ineffective by testing methods used.   
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CHAPTER 1 REVIEW OF RELEVANT LITERATURE 

 

INTRODUCTION 

The sweetpotato (Ipomoea batatas Lam.) is a member of the morning glory family 

(Convolvulaceae).  Alternate common names depend on geographic location and include 

sweet potato (two words), yam, batata, boniato, camote and kumara.  Worldwide, 

sweetpotatoes are the seventh most important food crop, with most production centered in 

China (FAO, 2006).  In the United States (U.S.), sweetpotatoes are a significant crop, with 

North Carolina producing approximately 37% of the U.S. crop in 2002 (USDA, 2004).  Other 

states with large sweetpotato acreages include California, Louisiana, Mississippi, and 

Alabama.   

Sweetpotatoes are vegetatively propagated and transplanted as slips (vine cuttings) in 

the spring (May-June).  The slips are produced in plant beds in early spring (March-April) 

where small roots are ‘bedded’ under a thin layer of soil and allowed to sprout.  The sprouts 

grow to a length of 21-26 cm before being cut by hand above the soil line and directly 

planted 4-5 m deep in the production fields.  A mature sweetpotato plant consists of above 

ground vines and three types of roots; fibrous roots, pencil roots (thickened, lignified roots) 

and storage roots.  Storage roots are the economically important portion of the crop in the 

U.S.  Storage roots are not heaviliy lignified and consist of periderm, cortex, and pith tissue 

containing vascular bundles (also called root fibers) (Artschwager, 1924).  The periderm and 

vascular bundles become slightly lignified as the root develops.   



Sweetpotatoes have an indeterminate growth habit with storage root length and 

diameter determined by the length of time in the field, environmental conditions, and 

competition from neighboring plants.  Consequently, harvest occurs within a relatively wide 

window of time (90 and 120 days after planting).  Harvest is accomplished using a 

combination of mechanization and hand labor.  Roots are dug and brought to the soil surface 

using specialized plows or chain diggers.  Then, hand labor is used to transfer the roots to 20-

bushel or 40-bushel capacity palletized bins.  The roots remain in these bins through the 

curing and storage period.   

Immediately following harvest, the bins are transported to specialized storage rooms 

and the roots are cured by exposure to 29°C and 85-90 % relative humidity with ventilation.  

After five to seven days, the room temperature is dropped to long-term storage temperature 

of 13°C.  The curing process results in better long-term storage because the high heat and 

humidity aids in healing wounds that occur during harvest (resulting in reduced weight loss 

and disease) and increases periderm adherence during the packing process.  In the U.S., 

sweetpotato roots are commonly stored for up to twelve months after harvest, enabling 

producers to provide a year round supply.   

Sweetpotatoes are classified into five grades by the United States Department of 

Agriculture, with the U.S. #1 grade receiving the highest premium.  The grades are defined 

by root length, diameter, and damage by insects, handling or disease.  The layout of 

individual sweetpotato packinglines varies, but all function to remove clinging field soil and 

sort the roots by grade.  The packing process begins when the pallet bins are brought out of 

storage and the roots are poured into a large tank of water using either a forklift or 
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mechanized system.  A conveyor belt brings the roots out of the water and onto a series of 

overlapping components that further remove soil by brushes and water sprays, apply 

fungicides, sort by grade and defects, and load the roots into fiberboard cartons.  The cartons 

are stacked by hand onto pallets.  The pallets are usually loaded the same day onto semi-

truck trailers and transported to market.  Markets for U.S. sweetpotatoes may be local, 

regional, or national.  The export market, primarily to the European Union, tripled in size 

between 1997 and 2002 (Picha, 2005).  The extended transport time for export shipments 

increases the likelihood of excessive weight loss or decay developing.   

 

BIOLOGY OF RHIZOPUS STOLONIFER AND DISEASE CYCLE ON 

SWEETPOTATO  

Sweetpotatoes are susceptible to a number of diseases during the postharvest storage 

period and during shipping (Harter et al, 1918; Clark and Moyer, 1988).  The most common 

are Rhizopus soft rot (Rhizopus stolonifer), bacterial soft rot (Erwinia chrysanthemii), 

Fusarium root rot (Fusarium solani), Fusarium surface rot (Fusarium oxysporum), and black 

rot (Ceratocystis fimbriata).  Both Ceratocystis and Fusarium decays can be controlled by 

proper curing and storage conditions.  Bacterial soft rot is not a major postharvest disease in 

North Carolina.  R. stolonifer, however, is a problematic pathogen as it infects fresh wounds 

occurring during packing and shipping.  There is limited data on the exact losses attributed to 

Rhizopus soft rot.  A study conducted in the New York City retail market found that the 

majority of culls due to disease were caused by Rhizopus soft rot (~2% decay in survey) 

(Ceponis and Butterfield, 1974).  This figure does not include any losses prior to reaching the 
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retail market.  Anecdotal reports suggest that Rhizopus soft rot is unpredictably sporadic and 

generally results in heavy losses to entire shipments when it does occur.   

R. stolonifer has a wide host range and can affect over 300 plant species including 

fruits, vegetables, and ornamentals (Farr et al, 2007).  R. stolonifer (Ehrenb. ex Fr.) (syn R. 

nigricans) was first described in 1818 (Lunn, 1977) and first recognized as a pathogen on 

sweetpotato in 1890 (Halstead).  Lauritzen and Harter (1923) determined that R. tritici (syn. 

R. arrhizus) is also capable of causing soft rot on sweetpotatoes, however, R. stolonifer is 

more commonly associated with postharvest infections as it out-competes R. arrhizus and 

other Rhizopus spp. at lower temperatures (14-18°C) (Harter and Weimer, 1921; Lauritzen 

and Harter, 1923).   

Symptoms of R. stolonifer infection include rapid development of a watery soft rot of 

the internal portion of the storage root with the periderm generally remaining intact.  

Infection can occur anywhere on the root but usually initiates at the ends due to the inevitable 

wounding resulting from harvest, or because a root’s tapered ends are more likely to be 

injured.  Rhizopus soft rot produces a characteristic fermentation odor (Clark and Moyer, 

1988).  Roots may dry and mummify with only the periderm and root fibers remaining intact 

because of the inability of the fungus to breakdown the lignin in these components.  

Characteristic signs of Rhizopus soft rot include the production of tufts of white hyphae 

which break through the surface of the root and produce large numbers of brown-black 

sporangiophores (34 µm diam. by 1000-3500 µm length) which support a sporangium (100-

350 µm diam.).  Sporangiospores (4-11 µm diam) are produced in the sporangium and are 

unicellular, ovoid and brown.  Sporangiospores serve as the primary inoculum and are 
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passively released when the outer layer of the sporangium breaks down.  Other R. stolonifer 

structures include stolons and rhizoids.  Stolons arch over the surface and rhizoids grow into 

the substrate at each point of contact between stolon and substrate.   

Sexual recombination is rare and occurs when mycelium of two compatible strains 

come in contact.  Progametangia from each strain grow towards each other and fuse into 

gametangia, forming a thick-walled zygospore.  Zygospores germinate to form 

sporangiophores bearing a single sporangium.   

R. stolonifer is incapable of breaching the intact root periderm and requires a wound 

to initiate infection.  The type of wound influences infectivity, with smooth wounds less 

likely to be infected than impact bruise/crushed tissue wounds (Lauritzen, 1935; Srivastava 

and Walker, 1959; Clark and Hoy, 1994; Holmes and Stange, 2002).  It has been suggested 

that smooth wounds (slices or scrapes) lack the quantity of nutrients required for spore germ 

tube formation (Srivastava and Walker, 1959).  No research has been completed to identify 

the degree of impact bruising required for infection to be initiated. 

R. stolonifer relies on cell wall degrading enzymes to infect (Harter and Weimer, 

1923).  Even though a germ tube is not visible, germinating spores produce pectinolytic 

enzymes (pectin methyl esterase, polygalacturonase, and pectin depolymerase) (Weimer and 

Harter, 1923; Srivastava et al, 1959) and hyphae generate pectinolytic enzymes followed by 

cellulolytic enzymes after 3 days (Spalding, 1963).  These enzymes break down the middle 

lamella causing cells to separate and the tissue to die, allowing invasion by the hyphae.   

Optimum conditions for infection are 20-23°C and 75-84% relative humidity 

(Lauritzen and Harter, 1925; Srivastava and Walker, 1959).  At 18.5-23°C infection can 
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occur in 43 hours or less, with more time required at lower temperatures (Lauritzen and 

Harter, 1925).  R. stolonifer is easily grown on common media such as potato dextrose agar.  

Optimal conditions for growth on media are 25-28°C (Weimer and Harter, 1923; Srivastava 

and Walker, 1959) and a pH of 4.5 (Srivastava et al, 1959).   

 

MANAGEMENT OF RHIZOPUS SOFT ROT 

Effective management strategies for Rhizopus soft rot on sweetpotato include 

resistant varieties, proper curing after harvest, and decay control product applications on 

packinglines.   

Resistant varieties.  The sweetpotato industry readily accepts new cultivars, which 

leads to a quick shift in the most widely grown cultivar.  Beauregard, released in 1987, is 

currently the dominant cultivar grown in the U.S. (Rolston et al., 1987).  In the last ten years, 

seven new cultivars have been released in the U.S.: Bienville (La Bonte et al., 2003), 

Carolina, Covington (Yencho, personal communication), Ruby (Collins et al., 1999), 

Evangeline (La Bonte et al., 2008), Ruddy (Bohac et al., 2002), and White Regal (Bohac et 

al., 2001).  Yield and quality characteristics, rather than disease resistance, are the primary 

focus of modern breeding efforts.  Rhizopus soft rot resistance screening is used to describe 

most newly released cultivars, but is not a primary selection factor used by breeders.  The 

method of testing Rhizopus resistance is usually not specified and/or may vary between 

research groups, making direct comparisons difficult using only the information from the 

cultivar release publication.   
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Replicated resistance screening of modern cultivars and breeding lines showed that 

white-fleshed cultivars tend to be more susceptible than orange-fleshed cultivars (Clark and 

Hoy, 1994).  Notable exceptions included cv. Hernandez and Jewel, which are both orange 

fleshed and moderately susceptible to R. stolonifer.  Holmes and Stange (2002) confirmed 

that cv. Hernandez is more susceptible than cv. Beauregard when injured.  Beauregard is 

considered to be moderately resistant to R. stolonifer although sporadic, heavy losses during 

shipping are known to occur.  No cultivar has been found that is completely resistant to 

Rhizopus soft rot.   

Curing.  Curing immediately after harvest generally eliminates losses to R. stolonifer 

by healing wounds occurring during harvest.  The current recommended curing process is to 

expose the roots to high temperature (29°C) and high relative humidity (90%) for five to 

seven days (Kushman, 1975).  The time length is important because increased sprouting (a 

negative quality in stored roots) can result if roots are held at high temperatures for extended 

periods (Hall, 1992).  Curing induces suberization of wounds followed by new periderm 

formation (this process was called wound ‘cork’ or ‘phellum’ in early research), effectively 

healing the wounds (Weimer and Harter, 1921).  The new periderm consists of three to seven 

layers of flattened cells, with the first layer formed after four days in the curing environment 

(Walter and Schadel, 1982; Walter and Schadel, 1983; Strider and McCombs, 1958).   

McClure (1959) and Tereshkovich and Newsom (1964a) suggested that re-curing 

prior to shipping would adequately heal wounds occurring during the packing process, 

resulting in reduced loss to decay.  This may be sufficient for healing skinning injuries, but 

wound periderm formation has been found to be irregular in bruise type wounds (Daines, 
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1943; Strider and McCombs, 1958).  Commercial packinghouses have not embraced re-

curing as a management strategy due to the time and resources required to raise the root 

temperature to 29 C, which is required for re-curing to be effective (McClure, 1959; 

Tereshkovich and Newsom, 1964a).  McClure (1959) suggested a hot water dip to quickly 

boost root temperature but this may result in additional problems such as infection by other 

pathogens or increased sprouting during transport.   

Decay control products.  R. stolonifer is most commonly managed by packingline 

applications of dicloran (also known as DCNA or Botran®).  Dicloran, a chlorinated nitro-

aniline, is a broad spectrum fungicide registered for postharvest use on sweetpotatoes and in-

field use for several fruits, vegetables, and ornamentals.  Use of dicloran on sweetpotatoes to 

control Rhizopus soft rot was first reported in 1964 (Martin).  Dicloran is considered by the 

Fungicide Resistance Action Committee (FRAC) to be at low to medium risk for resistance 

development.  Forced resistance has occurred in culture when R. stolonifer was grown on 

dicloran-amended media (Webster et al, 1968); however, no additional reports have been 

published on this phenomenon.  Another fungicide, SOPP (sodium o-phenylphenol), was 

developed in the mid-1950’s and used for Rhizopus soft rot control of sweetpotatoes for 

many years.  SOPP is considered more difficult to work with than dicloran, as SOPP is 

corrosive to the skin and mucous membranes (i.e., eyes and throat).  There also have been 

anecdotal reports of negative effects on root quality including root skin color changes.  SOPP 

registrations were dropped in 2005.  As of 2005, no commercial fungicides or decay control 

products, other than dicloran, were labeled for control of Rhizopus soft rot on sweetpotatoes.   
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New chemistries have been tested for postharvest use on fruits to control Rhizopus 

soft rot.  Commercial formulations of boscalid alone and boscalid + pyraclostrobin were 

effective in the control of Rhizopus on strawberry (Sallato et al., 2007).  A 

boscalid+pyraclostrobin treatment also significantly reduced postharvest decay of Rhizopus 

fruit rot of nectarine with two preharvest applications within eight days of harvest (Holb et 

al., 2005).  Boscalid+pyraclostrobin is the active ingredient in Pristine® which is registered 

for preharvest treatements to control Rhizopus soft rot on stone fruits.   

Fludioxonil is another new chemistry which shows promise for controlling Rhizopus 

soft rot of sweetpotato.  R. stolonifer is considered sensitive to fludioxonil in vitro with an 

ED50 ranging from 0.01 to 0.09 mg/L (Olaya et al., 2007).  Postharvest applications of 

fludioxonil effectively controlled Rhizopus soft rot of peaches, plums, and nectarines 

(Förster et al., 2007; Northover and Zhou, 2002; Yoder et al., 2001).  Prior to 2002, there 

were no published studies on the use of fludioxonil on sweetpotatoes.  Fludioxonil is the 

active ingredient in Scholar® which is labeled for postharvest applications to control 

Rhizopus soft rot of stone fruits.   

There has been a growing interest in the use of biological control organisms for 

control of postharvest diseases of fruits and vegetables.  As of 2002, no commercial 

formulations were registered for use against R. stolonifer (McSpadden Gardener and Fravel, 

2002).   

In recent years, studies have identified biological control organisms effective against 

Rhizopus soft rot on fruit.  Application of a Trichoderma harzianum Rifai emulsion reduced 

the Rhizopus lesion size in apple, pear, peach, and strawberry (Batta, 2007).  A yeast 
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antagonist, Cryptococcus laurentii, effectively controlled postharvest decay of strawberry by 

Rhizopus stolonifer when applied alone or following a hot water dip (Zhang et al., 2007).  

Preharvest applications of the yeast Metschnikowia fructicola reduced postharvest decay on 

strawberries caused by a mixed infection of R. stolonifer and Botrytis cinerea (Karabulut et 

al., 2004).  Pichia membranefaciens, another yeast antagonist, completely inhibited Rhizopus 

soft rot of peach when applied at a high concentration (Qing and Shiping, 2000). Several 

bacterial antagonists have been identified as effective against R. stolonifer.  Strains of 

Pantoea agglomerans reduced Rhizopus soft rot on plum (Frances et al. 2006), apple, pear 

(Nunes et al., 2001), peach, apricot and nectarine (Bonaterra et al., 2003).  Another 

bacterium, Enterobacter cloacae, reduced Rhizopus decay on peach (Wilson et al., 1987).  

Pseudomonas syringae strain ESC-10 (available commercially as Bio-Save 10LP) 

significantly reduced Rhizopus decay in peaches (Northover and Zhou, 2002).  No organism 

has been identified with effectiveness in controlling R. stolonifer infection of sweetpotato.   

Surface and water disinfectants/sanitizers have also been considered for use in 

controlling postharvest R. stolonifer infections by reducing the spore load in packingline 

wash water.  Chlorine is the most commonly used water sanitizer in the produce industry.  

Chlorine added to hydrocooling and dump tank water was ineffective in controlling the 

development of Rhizopus soft rot on strawberries and tomatoes (Ferriera et al., 1996; 

Vigneault et al., 2000; Bartz et al., 2001).  An in vitro study showed that volatile chlorine 

was able to reduce Rhizopus spore germination and mycelium growth (Avis et al., 2006).  

Applications of volatile chlorine also significantly reduced postharvest Rhizopus 

development on table grapes and strawberries (Lisker et al., 1996; Avis et al., 2006).  These 
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studies are in the preliminary stages and issues addressing human health and metal oxidation 

of equipment (common concerns with chlorine use) have not been investigated.  

A more recently developed sanitizer is peroxyacetic acid (PAA), a strong oxidizer, 

available in commercial formulations such as Oxidate®, Tsunami 100®, and StorOx®.  

Narciso et al. (2007) found what they thought was a residual effect of preharvest PAA sprays 

on strawberries, which significantly reduced postharvest decay attributed to combined 

Botrytis and Rhizopus infection.  In reality, the preharvest applications functioned to reduce 

the spore numbers on the fruit rather than having a residual effect.   

Copper ionization is a water treatment using charged copper ions to reduce microbial 

counts of human pathogens in swimming pools and drinking water.  There is interest in using 

ionization in postharvest systems as an alternative to chlorine.  There is only anecdotal 

evidence to suggest that postharvest quality is improved by using copper ionized treated 

water on sweetpotato packinglines.  No systematic studies on the control of plant pathogens 

have been completed.   

Calcium chloride has been used alone or in combination with biological control 

agents to enhance the effectiveness of disease control.  Postharvest dip treatments of calcium 

chloride significantly reduced the development of brown rot of peach (caused by the fungus 

Monilinia laxa) (Thomidis et al., 2007).  Qing and Shiping (2000) found a significant 

increase in the efficacy of a yeast antagonist against R. stolonifer on nectarines when applied 

in combination with a 2% (wt/v) solution of calcium chloride.  The proposed mode of action 

of the calcium treatment is to reduce the activity of cellulolytic enzymes produced by 

pathogens (Wisniewski et al., 1995).   
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Other decay control techniques are in development; plant and fungi-derived volatile 

compounds and ultraviolet light treatments have shown promise for controlling postharvest 

diseases of fruits and vegetables caused by R. stolonifer.  Effectively functioning as 

fumigants, volatiles have an advantage over liquid decay control products as the commodity 

remains dry (especially important for moisture-sensitive fruit such as strawberries and cut 

flowers) and can be used during transit.  Limited research has identified plant-derived 

volatiles which reduce in vitro Rhizopus mycelial growth, including acetaldehyde, 

benzaldehyde, and cinnamaldehdye (Avissar and Pesis, 1991; Utama et al, 2002).  In 2001, 

the fungus Muscador albus was found to emit powerful volatiles capable of reducing the 

growth of other fungi (Strobel et al., 2001).  Controlled studies found these volatiles were 

able to reduce R. stolonifer growth in vitro (Mercier and Jimenez, 2004).  None of these 

volatile treatments are ready for commercial implementation.   

Exposing tomatoes and sweetpotatoes to low dose ultraviolet light (UV-C, 254 nm) 

for 5-7 minutes resulted in a significant reduction in Rhizopus soft rot development as a 

result of an induced resistance response in preliminary trials (Stevens et al., 1997; Stevens et 

al., 2004).  The effect of UV-C treatments (also referred to as radiation hormesis) on quality 

characteristics of sweetpotatoes is unknown, although the no external damage was seen in 

these trials.  This research holds promise as a non-chemical management method which 

could be incorporated into existing packinglines; however, commercial scale research has not 

been completed.   

 In summary, alternative fungicides, biological controls and other treatments are 

capable of reducing decay caused by R. stolonifer.  None have been tested on sweetpotatoes.  
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There is a pressing need to identify and label effective alternative decay products and 

treatments as dicloran use is prohibited in many markets, including the European export 

market and buyers for infant food companies.   

 

PREHARVEST FACTORS AFFECTING RHIZOPUS SUSCEPTIBILITY 

It is known that preharvest factors (irrigation, fertilizer levels, and environmental 

conditions, etc.) affect the postharvest quality of vegetables.  Research on the relationship 

between preharvest conditions and postharvest sweetpotato quality is limited and is focused 

on quality factors such as yield, sugar content and baking qualities rather than disease 

susceptibility.  There has been minimal research on the effect of preharvest stress on the 

keeping quality among different sweetpotato cultivars, but no information on the effect of 

different growing conditions within a single cultivar.  No research has been published on the 

predisposing factors related to sweetpotato susceptibility to R. stolonifer.   

Soil nutrition.  Research on the interaction between soil nutrient levels and disease 

susceptibility of sweetpotatoes is focused on the soilborne field diseases soil rot/pox (caused 

by Streptomyces ipomoea) and black rot (caused by Ceratocystis fimbriata).  There is no 

research relating preharvest soil factors to disease which initiates postharvest.   

Published studies instead focus on the interaction of nitrogen fertilization rates on 

yield and quality (root size and shape).  There is a marked response of increased yield in 

Beauregard sweetpotatoes to increasing nitrogen fertilization treatments (Phillips et al., 2005; 

Villagarcia et al., 1998).  Phillips et al. (2005) found an interaction between fertilizer rate and 
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application timing (pre-plant or early season) which affected the percent of roots which 

developed into U.S. #1 grade.   

Entomological research has studied the ecology (feeding, larva survival, oviposition 

habits, etc.) of the sweetpotato weevil (Cylas formicarius elegantulus) as related to 

sweetpotato root surface chemistry.  Mao et al. (2001) found that high levels of nitrogen 

fertilization increased caffeic acid concentration in the root periderm and reduced feeding by 

the sweetpotato weevil.   

No research has been done which correlates postharvest qualities to other soil 

nutrients such as potassium and phosphorus.   

Soil temperature and moisture.  Sweetpotatoes are known to be affected by 

temperature and moisture levels in the soil during the growing season.  A study of the effect 

of temperature and soil moisture near harvest showed that cv. Porto Rico grown in Louisiana 

was occasionally more susceptible to postharvest decay when harvested from a field that 

experienced a cold wet period prior to harvest (Kushman et al., 1954).  Unfortunately, the 

pathogen was not specified.  As a follow-up study, the researchers continued to examine the 

effect of environmental conditions and date of harvest on keeping quality of cv. Porto Rico 

(Kushman and Deonier, 1958).  They extended the harvest season into December and 

confirmed that cold, wet soils decrease sweetpotato quality by increasing internal breakdown.   

Ton and Hernandez (1978) found that shrinkage and decay at harvest was 

significantly higher for roots exposed to very wet soil (field irrigated at 1.72 cm/h for 72 h 

two days prior to harvest).  Ahn et al. (1980) expanded on this work with a growth chamber 

study comparing the effect of temperature and flooding.  They found that roots grown in 
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warm (24-34°C), water-saturated soils for one week prior to harvest had the most root decay 

and quality reductions.  Less decay was reported in roots grown in cold (4°C), water-

saturated soils and in the non-saturated soils at either warm or cold temperatures.  

Unfortunately, this study also did not report the specific organism causing the decay.  A field 

study using ‘Jewel’ and ‘Centennial’ was conducted to evaluate the effect of flooding for 1, 

2, or 3 days immediately prior to harvest (Corey, et al., 1982).  As expected, heavier losses 

(due to weight loss and unspecified rot) were experienced with a longer flood period.  The 

authors also found an effect of the type of soil with ‘Jewel’ roots; saturated silt loam soils 

resulted in significantly higher postharvest losses compared to roots from saturated sandy 

loam soils.  The authors suggested that the silt loam did not drain as fast as the sandy loam 

soil, thus exposing the roots to the flood stress for a longer period of time.   

Soil moisture and temperature affect periderm composition which in turn can affect 

disease susceptibility.  A greenhouse study showed that sweetpotatoes grown under drought 

stress conditions may produce significantly thicker periderm tissue than those grown in a 

non-stressed environment (Harrison, et al., 2006).  This same study also showed that roots 

grown under drought conditions had a higher level of caffeic acid, a phenolic compound, in 

the periderm tissue.  Villavicencio et al. (2007) studied the effect of three growing 

temperature regimes on root characteristics such as lignification, periderm adhesion, and 

pectinase activity.  They found a positive correlation between pectinase activity and growth 

temperature, indicating that temperature has an effect on strength of cell wall bonds.  The 

authors also found a positive correlation between periderm lignification and growth 
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temperature, indicating that roots grown at higher temperatures are likely to be more resistant 

to compression type injuries.   

Phenolic compounds.  Phenolic compounds are a large class of plant secondary 

metabolites implicated in constitutive and induced defense responses to pathogen infection in 

many plants.  Sweetpotato storage roots are known to produce the phenolic compounds 

chlorogenic acid, dicaffeoylquinic acid, and caffeic acid (Rudkin and Nelson, 1947; Son et 

al., 1991).  The periderm of storage roots accumulates the highest levels of phenolic 

compounds as compared to the cortex and pith (Son et al., 1991).   

Levels of phenolics in storage roots are likely affected by environmental conditions.  

Harrison et al. (2003) found that caffeic acid levels in sweetpotato periderm varied among 

cultivars and breeding clones and also demonstrated an interaction between phenolic levels 

and environmental conditions for two growing locations.  Fertilization levels may also affect 

subsequent root phenolics levels; nitrogen applications (135 kg/ha) significantly increased 

caffeic acid levels in one year but were insignificant when the study was repeated (Mao et al., 

2001).  A controlled greenhouse study found that sweetpotatoes grown under drought 

conditions had a higher level of caffeic acid in the periderm tissue (Harrison, et al., 2006). 

Phenolic compounds have recently been implicated in the inhibition of R. stolonifer.  

Stange et al. (2001) found that acetone extracts of the peel (periderm and outer cortex tissue) 

of cv. Beauregard and Hernandez inhibited R. stolonifer mycelial growth.  The peel extracts 

were found to contain caffeic acid and chlorogenic acid.  However, the extracts inhibited R. 

stolonifer growth equally between the two cultivars although Hernandez is known be more 

susceptible to R. stolonifer than Beauregard (Clark and Hoy, 1994).  Laboratory grade 
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chlorogenic acid has been shown to inhibit hyphal growth of R. stolonifer in vitro (Peterson 

et al., 2005).   

 

POSTHARVEST FACTORS AFFECTING RHIZOPUS SUSCEPTIBILITY 

Changes in root composition during storage.  Sweetpotato root composition 

changes during extended storage periods.  Hasselbring and Hawkins (1915) found that root 

composition consisted primarily of starch at harvest (exact harvest date was not specified) 

followed by a slow increase in sugar content peaking from October to March, then 

decreasing back to primarily starch.  More recent studies have shown that starch hydrolyzing 

enzymes (enzymes that convert starch to sugars) and total sugar content (combined glucose 

and fructose) increased over time in storage for some cultivars and were variable for others 

(Morrison et al., 1993; Picha, 1987).  The cultivar Beauregard was not included in these 

experiments.   

It is not known how these changes in root composition may relate to disease 

susceptibility.  Holmes and Stange (2002) found Rhizopus soft rot susceptibility in both cv. 

Beauregard and Hernandez peaks after 100-150 days in storage, before and after which the 

roots are much more resistant.  This peak may be due to physiological changes occurring 

during the storage period, but these were not measured.   

Postharvest handling and decay development.  Losses due to injuries sustained 

during packing and transport is of concern in fruit and vegetable commodities.  Early 

researchers in agricultural engineering recognized the need to quantify and identify the 

source of impacts occurring during transport and packing.  Impact recording devices (IRD’s), 
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also called instrumented spheres in early research, were developed for use on packinglines in 

the late 1970’s.  These devices contain a triaxial accelerometer to measure peak impact force.  

The early versions of these devices were spherical and coated in beeswax and/or plastic 

(O’Brien et al., 1973; Tennes et al., 1986; Klug et al., 1989).   

A commercial IRD is available with urethane casings that replicate the shape of 

popular commodities such as pineapples, apples, Irish potatoes, mangoes and peaches 

(Sensor Wireless, Charlotte, Canada).  The casing fits tightly over the accelerometer core.  

This allows the IRD to travel on the packingline and measure impacts experienced by the 

commodity of interest.  (At this time, a sweetpotato-shaped casing is not commercially 

available.)  Another technical improvement is the ability to remotely detect impacts through 

the use of radiosignal technology.  This allows the operator to transfer data in real-time to a 

hand-held device without having to disassemble the IRD to download the data.  This greatly 

improves on-site educational opportunities for packingline managers and workers.  Increased 

data storage capacities have also greatly improved the ease of use of these devices.   

Several attempts have been made to create statistical models relating postharvest 

impacts and subsequent bruising for fruits and vegetables.  IRD’s and pendulums equipped 

with accelerometers have been used to develop bruise thresholds for onion, apple, potato, and 

tomato (Pang et al., 1994; Bajema and Hyde, 1995; Mathew and Hyde, 1997; Van linden et 

al., 2006).  The standard method for developing a bruise threshold is to measure impacts and 

associated bruising resulting from controlled drops from known heights onto different impact 

surfaces which mimic the level of impacts occurring on a packingline (Pang et al., 1994; 

Bajema and Hyde, 1995).  The datasets are statistically analyzed to create bruise probability 
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or ‘potential bruise boundary’ models.  The most common values incorporated into these 

models are fruit characteristics (variety, mass, degree of ripeness), location of the impact on 

the fruit, drop height, impact surface, and peak impact.  As expected, fruit mass and degree 

of ripeness (which is directly related to flesh firmness) are important factors in the 

development of bruises.  Researchers have used different IRD’s, which makes direct 

comparisons of the impact/bruise data difficult among publications.  Bruise probabilities are 

also highly specific and results can not be extrapolated to other commodities.   

There is minimal research relating packingline damage to decay development in fruit 

and vegetable commodities, including sweetpotatoes.  An anecdotal report out of California 

showed that drops over 1cm onto a steel surface significantly increased Monilinia fruticola 

development in inoculated peaches and nectarines (Crisosto, 1999).  These impacts also 

increased water loss (measured by weight loss) and resulted in reduced physical appearance.  

Shellie (1997) reported on a survey of grapefruit packinglines in which four impact rating 

categories (ranging from ‘most likely not damaging’ to ‘very likely damaging’) were 

assigned to packinglines based on previous controlled drop studies.  Surface scuffing and 

surface mold were measured and compared between impact categories (the surface mold 

organism was unspecified).  Scuffing was measured using a triphenyl-tetrazolium chloride 

dye test which stains the white pith of grapefruits a bright red allowing easy visual estimation 

of damaged areas.  The dye test was found to correlate well to abrasion injury but not to 

injury from drops.  The authors did not find a relationship between scuffing on packinglines 

and surface decay development, which is likely due to fungicides and waxes used on the 

packinglines.  

 19



Sweetpotatoes suffer three types of injuries during the packing process: skinning, 

when the periderm is sloughed off; broken ends, when the long, thin root tips are broken off; 

and bruising, when the root tissue is crushed from bounces and drops on packingline 

surfaces.  A bruise injury on a sweetpotato is different from those on other commodities.  The 

bruised cells are crushed although the tissue does not soften significantly or oxidize to a 

brown color as do apples or potatoes.  This is due to minimal air space between cells and a 

lack of enzymes involved in oxidation.  These injuries, however, do result in increased 

weight loss and increased potential for decay development. 

Skinning is known to result in increased weight loss and is a common site for 

Penicillium mold growth.  Skinning occurs on most roots during harvest and packing, 

however different degrees of sensitivity to skinning exist between cultivars and even within a 

cultivar, depending on environmental conditions.  Blankenship and Boyette (2002) studied 

the effect of different temperatures and humidity regimes during curing and found variable 

results in degree of skinning among the five cultivars studied.  The authors speculated that 

environmental conditions and root maturity were related to the degree of skinning and they 

used this to explain the variability they observed.  Villavicencio et al. (2007) studied the 

effect of three growing temperature regimes on root periderm adhesion and found a negative 

correlation between skinning and preharvest growth temperature.  This may be related to 

changes in periderm composition as previously described. 

Broken end damage to sweetpotatoes results when the long thin root ends are snapped 

off, either deliberately by packingline workers or as a result of the packing process.  No 
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studies have been completed correlating weight loss to broken ends, although shriveled ends 

are a recognized quality issue during shipping.   

There is limited information on the effect of bruise injuries on sweetpotato quality.  It 

is known that R. stolonifer infections are more likely to occur with bruise injuries than with 

smooth wounds (like those caused by skinning and broken ends) (Lauritzen, 1935; Srivastava 

and Walker, 1959; Clark and Hoy, 1994; Holmes and Stange, 2002).  In these previous 

studies only a single impact force was tested; the effect of impact bruise severity on 

susceptibility of sweetpotatoes to R. stolonifer is unknown.   

 

RESEARCH OBJECTIVES 

R. stolonifer is an important wound-dependent postharvest pathogen of sweetpotato 

storage roots.  The most common management options (resistant varieties and fungicide 

application) can unpredictably fail and result in heavy losses.  It is known that the sensory 

qualities of sweetpotatoes are affected by environmental stress during the growing season; R. 

stolonifer susceptibility is also likely dependent on growing conditions which affect root 

physiology.  Field observations suggest that there are pre-harvest factors affecting 

postharvest R. stolonifer susceptibility.  The first objective of this project was to determine if 

field-to-field variability in susceptibility to R. stolonifer exists and to identify which 

preharvest environmental and cultural factors result in increased susceptibility.  

Postharvest factors are also important to the development of Rhizopus soft rot 

infection.  R. stolonifer is much more likely to infect if the wound is a bruise, but little is 

known about the effect of wound severity on disease development.  The second objective 
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was to quantify the impacts occurring on sweetpotato packinglines and determine the effect 

of the wounds caused by these impacts as they relate to susceptibility to R. stolonifer.   

Fungicide application is the most common method of R. stolonifer management.  A 

single fungicide is currently relied on by the majority of the industry, therefore, the third 

objective of this project was to evaluate alternative decay control products (including 

reduced-risk chemistries, biological control products, and generally regarded as safe 

products/sanitizers) for control of Rhizopus soft rot in sweetpotatoes.   
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ABSTRACT 

Postharvest soft rot diseases of sweetpotatoes caused by Rhizopus stolonifer 

(Rhizopus soft rot) and Erwinia chrysanthemi (bacterial root rot) occur sporadically and can 

result in high losses.  A three-year field study investigated the relationship of preharvest 

conditions to postharvest susceptibility to both diseases.  Preharvest information was 

recorded in 75 North Carolina sweetpotato fields including soil texture, chemistry and 

fertility; air temperature, soil temperature and soil moisture during the growing season and in 

the 28 days prior to harvest; thresholds for low air temperature and high/low soil temperature 

and soil moisture; weed density; insect injury; and rotation crop (153 total predictors).  Roots 

were sampled from each field and inoculated with each pathogen after 100 days in storage.  

Disease susceptibility was measured as incidence of symptomatic roots 10 days following 

inoculation.  Mean Rhizopus soft rot incidence was 34.9% (standard deviation=31.7%) and 

mean bacterial root rot was 51.0% (standard deviation=30.5%).  Disease incidence was 

correlated to each of the preharvest predictors.  Predictive models for both diseases were 
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built by first using forward stepwise regression to identify predictors of interest, followed by 

a mixed model analysis (p-value<0.05) to produce a final reduced model.  There was a 

significant effect of year in both models.  Postharvest Rhizopus soft rot susceptibility can be 

predicted by the percent of the soil cation exchange capacity occupied by calcium, the 

amount of plant-available soil phosphorus, percent soil humic matter (%), the mean air 

temperature over the growing season, mean volumetric soil moisture at 40 cm over the 

growing season, and the mean soil temperature at 2 cm over the growing season.  Postharvest 

bacterial soft rot susceptibility can be predicted by soil pH measured at harvest and the 

number of days in which soil temperature exceeds 32 ºC in the 14 days prior to harvest.   

 

INTRODUCTION 

Sweetpotato (Ipomoea batatas Lam.) is the seventh most important food crop, with 

most production centered in China (FAO, 2006).  In the United States (U.S.), sweetpotatoes 

are a significant crop, with North Carolina producing approximately 37% of the U.S. crop in 

2002 (USDA, 2004).  Postharvest diseases are a constant threat and are especially costly as 

all expenditures of growing, harvesting and storage have already been incurred by the 

producer.  Some diseases, like those caused by Fusarium oxysporum, F. solani and 

Ceratocystis fimbriata develop slowly during long-term storage.  Other diseases, such as 

Rhizopus soft rot and bacterial root rot, develop very rapidly during transit to market and are 

of great concern due to the amount and timing of losses.   

Rhizopus soft rot, caused by the fungus Rhizopus stolonifer (syn. R. nigricans), is the 

most common postharvest disease of sweetpotatoes (Clark and Moyer, 1988).  It causes a 
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watery, soft rot that can result in high, yet sporadic, losses.  R. stolonifer requires a wound for 

infection to occur (Lauritzen, 1935; Srivastava and Walker, 1959) and the injuries that occur 

during the packing process provide an infection court for Rhizopus soft rot development.  For 

this reason, the majority of sweetpotato packers use prophylactic fungicide applications as 

“insurance” against Rhizopus soft rot.  Anecdotal evidence suggests that prophylactic 

fungicide applications may not be necessary as there is variation in Rhizopus soft rot 

susceptibility among fields and among and between growing seasons.  However, the source 

of this variability has not been confirmed with systematic studies.   

Bacterial root rot, caused by Erwinia chrysanthemi (syns. Pectobacterium 

chrysanthemi and Dickeya chrysanthemi), is a less common disease of sweetpotato and 

occurs sporadically (Clark and Moyer, 1988; Schaad and Brenner, 1977).  The symptoms of 

postharvest bacterial soft rot include a brown watery soft rot with or without a dark brown 

margin surrounding the decayed area.  Oxygen deprivation and exposure to high heat (>30 

ºC) are contributing factors to postharvest disease development.  Thus, one control method 

available is to avoid these conditions during storage and transit to market.   

The sporadic incidence of both diseases under nearly identical postharvest conditions 

(e.g., curing, storage, and packing) leads one to question if there are events or conditions 

occurring preharvest that affect postharvest susceptibility to disease.  A comprehensive 

strategy for management of these diseases requires identification of the factors which are 

related to increased disease susceptibility.  The objectives of this study were to 1) determine 

if field-to-field variability in disease susceptibility within and among growing seasons exists; 

2) determine if susceptibility to R. stolonifer and E. chrysanthemi is related; and 3) identify 
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the predisposing environmental conditions and agronomic practices that correlate to 

postharvest susceptibility of sweetpotatoes to R. stolonifer and E. chrysanthemi.   

 

MATERIALS AND METHODS 

Sweetpotato roots (cv. Beauregard) were collected from 75 fields under commercial 

production in North Carolina (32 fields in 2004, 27 in 2005 and 16 in 2006) (Figure 2.1).  

New field locations were selected each year of the study (i.e., field locations were not 

repeated).  This study was part of a larger multidisciplinary integrated pest management 

investigation; therefore, field selection was made to meet experimental goals for integrated 

pest management in collaboration with weed science and entomology.  Within each 

commercial field, 16-32 rows were designated as the experimental area.  The length of the 

rows varied with individual fields but was at least 30 m long.  Within this area, the 

experimental design was a split plot with two replications that compared insecticide treated 

beds (8-16 rows) to non-insecticide treated beds (8-16 rows).  The specific insecticides and 

number of applications were selected at the discretion of the individual growers.  Other than 

the insecticide treatment, the experimental area was cultivated using practices at preference 

of the individual grower.   

Harvest dates, based on root size and weather conditions, were determined by the 

grower.  At harvest, a single row plow was used to bring roots to the soil surface.  One row in 

the middle of each split plot treatment was sampled.  Within this row, two 9.2 m plots were 

marked out for each replication and 50 U.S. No. 1 grade roots (length between 7.6 to 22.9 

cm, diameter between 4.5 to 8.9 cm, maximum weight <567 g) were collected from within 
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the plot.  Roots were placed into ventilated plastic crates and transported to a storage facility.  

All roots were cured at 29.4 C for 5 days and then stored at 15.6-18.3 C until inoculation (at 

100 days of storage).   

 Environmental factors.  Hourly weather data for the growing season was modeled 

for each field site using the SkyBit service (ZedX, Inc; Bellefonte, PA).  The set of weather 

parameters estimated by SkyBit included air temperature, soil temperature (at depths of 2 and 

4 cm), and soil moisture (at depths of 10, 40, and 100 cm) (Table 2.1).  The hourly data was 

averaged into daily means and used to calculate growing season averages and averages for 

the four weeks prior to harvest (7 d, 14 d, 21 d, and 28 d pre-harvest) for each field.  

Threshold variables were calculated from the estimated weather data and included low air 

temperature, high/low soil temperature (at depths of 2 and 4 cm), and high/low soil moisture 

(at depths of 10, 40, and 100 cm) (Table 2.1).  A threshold was considered to have occurred 

if the variable’s defined limits were exceeded for at least one hour in a 24 hour period.  For 

example, if soil temperature dropped below 13ºC for any single hour in a day (1:00-24:00) 

that day was considered to be a “low soil temperature” day.  The threshold definitions are 

based on preliminary research underway to define environmental stress as related to 

sweetpotato growth and yield (A. Villordan, personal communication).   

 Agronomic factors.  Composite soil samples were collected at harvest in each field.  

Soil samples were collected using a standard soil probe to a depth of 16 cm following a zig-

zag pattern across the experimental area (1 composite sample comprised of 50 soil plugs per 

field).  Soil nutrients and chemistry was quantified using the Mehlich 3 extraction method 

(Mehlich, 1984) and reported in the North Carolina Department of Agriculture (NCDA) 
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Index (Hardy et al., 2008) using Waters Agricultural Laboratories Inc., Camilla, GA.  Levels 

of organic matter and soil texture measurements were also obtained.   

Grower interviews were conducted to obtain the previously planted crop (1 year 

prior) for each field.  Weed density ratings were taken immediately prior to harvest by weed 

scientists.  Damage to roots caused by root feeding insects (including white grubs and flea 

beetles) was evaluated by entomologists from separate root samples taken from the same 

replications.   

 Postharvest disease assessment.  Roots were evaluated for susceptibility to R. 

stolonifer and E. chrysanthemi after 100-105 days in storage.  The day before inoculation, 

roots were hand washed in tap water and allowed to air dry.  Each replication (50 roots) was 

separated into two groups of 20 roots and one group of 10 roots.  One 20-root lot was 

inoculated with R. stolonifer, the other set of 20 roots was inoculated with E. chrysanthemi, 

and the remaining set of 10 roots was held at 15.6-18.3 C and served as a non-inoculated 

control.   

The R. stolonifer isolate used in this study was originally collected in 1992 from a 

sweetpotato showing Rhizopus soft rot symptoms and signs and stored on silica crystals at 3 

C (Perkins, 1962).  To produce inoculum, silica crystals were transferred to potato dextrose 

agar (Difco, Sparks, MD) and incubated at room temperature (21-22 C) for five days.  The 

plates were washed with a 0.01% octylphenol ethoxylate (Triton™ X-15, Dow, New Jersey) 

solution and the spores removed by gently rubbing with a bent glass rod.  The suspension 

was filtered through three layers of cheesecloth to remove mycelial fragments and adjusted to 

a concentration of 106 sporangiaspores/mL.  The resulting spore suspension was stored at 3 C 
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overnight.  On the day of inoculation, roots were wounded on opposite sides of the 

midsection with an impact wound device which created a consistent wound (8 mm diam × 1 

mm deep).  The wounds were immediately painted with the spore suspension using a foam 

brush.  After inoculation, roots were placed into ventilated plastic storage crates and stored at 

15.6-18.3 C. At 10 days, roots were rated for incidence of Rhizopus soft rot.   

 The E. chrysanthemi isolate used in this study was recovered from a sweetpotato root 

showing bacterial root rot symptoms.  The bacterium was stored on silicia crystals at -12 C 

until use.  One day prior to inoculation, the bacterium was revived by plating the silica 

crystals onto yeast dextrose carbonate agar (YDCA) and incubating at 30 C for 24 hours.  

The resulting colony was streaked onto fresh YDCA and incubated at 30 C for 24 hours.  On 

the day of inoculation, the plates were washed with sterile distilled water and the resulting 

suspension adjusted to 108 CFU/mL using a spectrophotometer (0.1 optical density at 620 

nm).  The roots were inoculated by stabbing the midsection of each root with a disposable 

plastic pipet filled with 0.05 mL of the bacterial suspension (the pipet was left in place - 

approximately 1 cm deep into the tissue).  The inoculated roots were placed in a ventilated 

plastic crate and stored at 29.4 C for 10 days after which they were rated for incidence of 

bacterial soft rot.   

With both pathogens, disease incidence was easily assessed because large portions of 

root tissue were soft and originated at the point of inoculation.  Whereas sound roots 

remained firm, even at the point of inoculation.   

Data analysis.  Pearson Correlation Coefficients were calculated between incidence 

of each disease and all predictors (Table 2.1) for the individual years of the study and all 
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three years pooled (PROC CORR; SAS V8, SAS Institute, Cary, NC).  Extreme outliers were 

removed from the dataset (replaced as missing data point) and disease data was averaged 

over reps within the two insecticide and the two non-insecticide treated replications.  An 

initial model was created using stepwise forward selection to identify important predictors 

(PROC REG; SAS V8; SAS Institute, Cary, NC) for E. chrysanthemi and R. stolonifer 

susceptibility with all fields set as random.  Interactions were not included because of the 

large (153 total) number of potential predictors in the data set.  Only those models in which 

all variables were significant (p-value <0.10) were kept for further analysis.  Mixed model 

analysis (PROC MIXED) with fields set as random was carried out between the variables 

identified in the stepwise selection as potentially important.  Final reduced mixed models for 

each disease were obtained by eliminating predictors one at a time if p-value was >0.05.   

 

RESULTS  

A wide range in susceptibility to R. stolonifer and E. chrysanthemi was observed both 

among fields within a single year and among the years of this study (Figure 2.2).  In 2005, a 

significant decrease in Rhizopus soft rot incidence was seen across all fields as compared to 

2004 and 2006.  Mean Rhizopus soft rot incidence was 42.5% (standard deviation 

(SD)=29.6%) in 2004, 12.2% (SD=15.2%) in 2005 and 57.1% (SD=33.1%) in 2006.  Mean 

bacterial root rot was 32.5% (SD=27.4%)in 2004, 50.8% (SD=20.8%) in 2005 and 86.5% 

(SD=12.6%) in 2006.  For the three-year pooled data set, mean Rhizopus soft rot incidence 

was 34.9% (SD=31.7%) and mean bacterial root rot was 51.0% (SD=30.5%).   
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A significant correlation (coeff.=0.01840; p-value=0.04) was found between R. 

stolonifer susceptibility and E. chrysanthemi susceptibility when the three years were pooled.  

However, examination of the scatterplot of Rhizopus soft rot incidence against bacterial root 

rot incidence (Figure 2.3) shows a relatively weak relationship.  

Pearson correlations of bacterial root rot incidence and Rhizopus soft rot incidence 

with all variables revealed significant relationships only between soil and weather variables.  

There was no significant correlation between incidence of either disease and insect injury, 

weed density or previous year’s crop (data not shown) in the individual years of the study or 

the three-year pooled dataset.   

Within the soil fertility and chemistry variables, there were many significant 

correlations (p-value <0.05) to incidence of both Rhizopus soft rot and bacterial root rot 

(Table 2.2).  For Rhizopus soft rot incidence, highly significant negative correlations (p-

value ≤0.0001) were seen with percent magnesium (Mg) and highly significant positive 

correlations (p-value ≤0.0001) were seen with soil managanese (Mn) and phosphorus (P) 

indices.  For bacterial root rot incidence, highly significant negative correlations (p-value 

≤0.0001) were seen with percent humic matter (HM) and pH (pH) and highly significant 

positive correlations (p-value ≤0.0001) were seen with soil acidity (Ac), cation exchange 

capacity (CEC) and copper (Cu), sulfur (S), and zinc (Zn) indices.  Soil texture (% sand, silt, 

or clay) did not significantly correlate to either disease.   

Within the weather variables, significant correlations (p-value <0.05) were seen for 

both Rhizopus soft rot and bacterial root rot (Tables 2.3, 2.4 and 2.5).  Both diseases showed 

significant negative correlations to increasing mean air temperature (AT) and soil 
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temperature at both the 2 cm and 4 cm depths (ST2 and ST4) in all time periods (7 d, 14 d, 21 

d, 28 d pre-harvest and entire growing season) (Table 2.3).  Soil moisture levels at 10 cm, 40 

cm, and 100 cm depths (SM10, SM40, SM100) in all time periods was significantly correlated 

(p-value <0.03) for both diseases; however, Rhizopus soft rot susceptibility showed a 

positive correlation while bacterial root rot showed a negative correlation.  These correlations 

to weather variables were not seen when individual years were analyzed separately (data not 

shown).  This is likely due to a smaller sample size and the strength of the correlation within 

an individual year.   

Exceeding thresholds for high and low air and soil temperature were also significantly 

correlated to incidence of both diseases (Table 2.4).  Increased days in which air temperature 

dropped below 18ºC (AT-L) as well as when soil temperature dropped below 13ºC at both 2 

and 4 cm depths (ST-L2 and ST-L4) was positively correlated (p-value ≤0.0017) to both 

Rhizopus soft rot and bacterial root rot.  A differential response was seen to increased days in 

which soil temperatures exceeded 32ºC at a depth of 2 cm (ST-H2) with Rhizopus soft rot 

incidence showing a significant negative correlation at all time periods (p-value ≤0.0151) and 

bacterial root rot showing a significant positive correlation (p-value≤0.0289) at all time 

periods except the 7 days pre-harvest.  At a depth of 4 cm, there were no days which 

exceeded the high soil heat threshold (ST-H4) in the 21 days pre-harvest.  The time period of 

28 days pre-harvest was not significantly correlated with Rhizopus soft rot.  The correlation 

between days exceeding the high heat threshold over the entire growing season was 

significant with a negative correlation to Rhizopus soft rot incidence (p-value=0.0005) and a 

highly significant positive correlation to bacterial root rot (p-value<0.0001).   

 44



Significant correlations were also seen to high and low soil moisture thresholds 

(Table 2.5); with Rhizopus soft rot incidence positively correlated to increased days 

experiencing high soil moisture at 10, 40, or 100 cm depths (SM-H10, SM-H40, SM-H100) at 

21 days and 28 days pre-harvest as well as the entire growing season.  Bacterial root rot 

incidence was negatively correlated (p-value<0.0001) to high soil moisture at all depths (SM-

H10, SM-H40, SM-H100) in all time periods (7 d, 14 d, 21 d, 28 d pre-harvest and entire 

growing season).  Rhizopus soft rot incidence was correlated to increased number of days of 

exceeding the low soil moisture threshold at all three depths (SM-L10, SM-L40, SM-L100), 

while bacterial root rot incidence was not correlated at any depth at any time period.   

Stepwise regression followed by mixed model analysis identified significant 

relationships (p-value <0.05) between certain weather and soil parameters and Rhizopus soft 

rot and bacterial root rot incidence (Table 2.6).  The following regression equation describes 

the relationship of soil and weather variables to the susceptibility of Beauregard 

sweetpotatoes to Rhizopus soft rot caused by R. stolonifer: 

RSR = 61.91 – 28.3Y04 – 38.70Y05 + 0.13P – 0.93Ca  

– 20.97HM – 149.51AT(GS) + 313.09SM40(GS) + 142.39ST2(GS)

where RSR is Rhizopus soft rot incidence (%), Y04 is year 2004, Y05 is year 2005, Ca is the 

percent of the soil cation exchange capacity (CEC) occupied by calcium measured at harvest, 

P is an index of the amount of plant-available soil phosphorus measured at harvest, HM is 

soil humic matter (%) measured at harvest, AT(GS) is the mean air temperature (ºC) over the 

growing season, SM40(GS) is the mean volumetric soil moisture (m3/m3) at 40 cm over the 

growing season, and ST2(GS) is the mean soil temperature (ºC) at 2 cm over the growing 
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season.  This model is a good fit for predicting Rhizopus soft rot incidence as the correlation 

between the actual Rhizopus soft rot incidence values and the predicted values was 

significant (coeff.=0.98314, p-value=<0.0001) (Figure 2.4).  While this model utilizes the 

mean for the entire growing season for air temperature, soil moisture and soil temperature 

variables, the time periods leading to harvest (7 d, 14 d, 21 d, and 28 d pre-harvest) could be 

substituted for each of these three variables without reducing the significance of the model 

(data not shown).   

The following regression equation describes the relationship of soil and weather 

variables to the susceptibility of Beauregard sweetpotatoes to bacterial root rot caused by E. 

chrysanthemi: 

BRR = 229.14 – 40.09Y05 – 36.82Y06 -16.17pH +5.05ST-H10(14d)

where BRR is bacterial root rot incidence (%), Y05 is year 2005, Y06 is year 2006, pH 

is soil pH measured at harvest, and ST-H10(14d) is the number of days that soil temperature 

exceeds 32 (ºC) for any one hour in a 24 hour period in the 14 days prior to harvest.  This 

model is a good fit for predicting bacterial root rot incidence as the correlation between the 

actual bacterial root rot incidence values and the predicted values was significant 

(coeff.=0.96886, p-value=<0.0001) (Figure 2.5).  Unlike the Rhizopus soft rot incidence 

model, only the use of the 14 days pre-harvest high soil temperature variable (ST-H10(14d)) 

results in a significant model (the other time periods for high soil temperature – 7, 21, 28 

days pre-harvest and growing season – are not interchangeable within the model).   
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DISCUSSION 

Beauregard, the sweetpotato cultivar used in this study, is considered moderately 

susceptible to infection by R. stolonifer (Clark and Hoy, 1994; Holmes and Stange, 2002) 

and highly susceptible to root rot caused by E. chrysanthemi (Clark et al., 1989).  Our results, 

however, demonstrate that susceptibility can vary significantly among fields in a single year, 

as well as between growing seasons.  This study also identifies preharvest soil and weather 

factors which are related to sweetpotato susceptibility to postharvest Rhizopus soft rot and 

bacterial root rot.   

While many preharvest variables were significantly correlated to increased Rhizopus 

soft rot and/or bacterial root rot when analyzed individually, a multiple regression model best 

describes the relationship of soil and weather conditions to postharvest disease susceptibility.  

Predictive models composed of different variables were significant for each disease (Table 

2.6).  For Rhizopus soft rot, percent soil humic matter at harvest (HM) has a greater effect on 

Rhizopus soft rot incidence (parameter estimate of -20.97) than changing levels of the soil 

phosphorus index (P) or percent calcium (Ca), although all are significant in the model.  In 

this study, the soil samples were taken at harvest to mimic a normal fall sampling time used 

to predict soil fertility needs for the next season.  Therefore, the results of certain nutrients, 

like soil phosphorus (P), are presented as an index by the soil testing agency.  The index 

serves as a guide for the next season’s application needs but not as a measure of the absolute 

value.  The rationale for using a fall soil test, instead of a spring pre-plant soil test, was to 

develop a predictive model for disease susceptibility that can be used by sweetpotato growers 

incorporating already utilized techniques.  Research is needed to determine the effect of 
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absolute values or specific treatments of nutrients like phosphorus or calcium on the 

susceptibility of sweetpotatoes to Rhizopus soft rot.   

Soil pH levels at harvest (pH), which ranged from 4.6 to 6.5 (µ=5.7) in the fields used 

in this study, were identified by the mixed model analysis as a significant predictor of 

bacterial root rot.  While low soil pH levels are known to reduce the occurrence of another 

bacterial disease of sweetpotatoes, soil rot/pox caused by Streptomyces ipomoea, soil rot/pox 

infection occurs in the field with the soil pH levels directly affecting the pathogens ability to 

induce disease.  Low soil pH treatments also affect sweetpotato growth by reducing the 

marketable yield of cv. Jewel sweetpotatoes (Ristaino and Averre, 1992).  We found that 

higher soil pH levels were correlated with reduced postharvest E. chrysanthemi susceptibility 

and also negatively contributed to the predictive model (when all other factors in the model 

are considered).  Further study is needed to determine the effect of soil pH during the 

growing season on ‘Beauregard’ sweetpotato storage root physiology to determine how soil 

pH is affecting nutrient levels or other root tissue factors which in turn affect postharvest 

bacterial root rot susceptibility.   

The weather variables identified as significant in the model (AT, SM40, and ST2) have 

the greatest overall effect on predicting Rhizopus soft rot incidence with SM40 (increased soil 

moisture [m3/m3] at 40 cm depth) for the growing season having the largest effect on 

predicting increased Rhizopus soft rot incidence (parameter estimate=313.09) when all other 

factors in the model are considered.  For all three weather variables, there does  not appear to 

be a specific preharvest time period that is more important to predicting Rhizopus soft rot 

susceptibility as all time periods analyzed (7 d, 14 d, 21 d, 28 d pre-harvest or entire growing 
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season) were interchangeable within the model (which remained statistically significant).  

This is not true for the bacterial root rot model; only the use of the weather variable ST-H2 

(increased days of soil temperature exceeding 32ºC at a depth of 2cm) for 14 days pre-

harvest resulted in a significant model.   

In general, there is limited research data to explain the correlations between 

environmental conditions during the growing season and postharvest decay susceptibility of 

sweetpotatoes.  A main limiting factor of the published research on this topic is that the 

specific pathogen is not identified and is only referred to in general terms such as “decay” or 

“rot”.  Another complication is that ‘Beauregard’ is a relatively new cultivar (Rolston et al., 

1987) and therefore was not available for earlier studies.   

Relationships have been observed between soil moisture and temperature at harvest 

and postharvest “decay” of sweetpotatoes.  A study of the effect of temperature and soil 

moisture near harvest showed that cv. Porto Rico grown in Louisiana was occasionally more 

susceptible to postharvest decay (non-inoculated) when harvested from a field that 

experienced a cold, wet period prior to harvest (Kushman et al., 1954).  In a follow-up study, 

the researchers extended the harvest season into December and confirmed that cold, wet soils 

decrease sweetpotato quality by increasing internal breakdown (Kushman and Deonier, 

1958).   

Excessive irrigation treatments increased decay at harvest (Ton and Hernandez, 1978) 

(averaged over 17-28 sweetpotato cultivars) and during curing and storage (Thompson et al., 

1992) in cv. Jewel roots.  Thompson et al. (1992) also found a slight increase in decay in cv. 

Jewel roots receiving the least irrigation water.  A field study using ‘Jewel’ and ‘Centennial’ 
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sweetpotatoes found that greater losses (due to weight loss and unspecified rot) were 

experienced with a 3-day flooding period than with a 1- or 2-day flooding period (Corey, et 

al., 1982).   

A growth chamber study confirmed earlier data on flooding (Ahn et al., 1980).  Roots 

grown in warm (24-34°C), water-saturated soils for one week prior to harvest resulted in the 

most root decay and quality reductions.  Less decay was reported in roots grown in cold 

(4°C), water-saturated soils and the non-saturated soils at either the warm or cold 

temperatures.  The specific pathogens causing the decay were not recorded in any of these 

studies, but the results suggest that soil moisture levels, soil temperature and flood stress 

during the growing season are related to postharvest disease susceptibility.   

Soil moisture and temperature also affect root morphology and physiology which in 

turn could affect disease susceptibility.  A greenhouse study showed that sweetpotatoes 

grown under drought stress conditions produce significantly thicker periderm tissue than 

those grown in a non-drought stressed environment (Harrison, et al., 2006).  Villavicencio et 

al. (2007) studied the effect of three growing temperature regimes on root characteristics 

such as lignification, periderm adhesion, and pectinase activity.  They found a positive 

correlation between pectinase activity and growth temperature indicating that temperature 

has an effect on strength of cell wall bonds.  The authors also found a positive correlation 

between periderm lignification and growth temperature indicating that roots grown at higher 

temperatures are likely to be more resistant to compression type injuries.  While not 

measured in this study, injury resistance could play a role in the disease susceptibility seen in 

this study. 
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The use of environmental stress thresholds (e.g., exceeding a threshold set for high 

soil temperature [ST-H] or low soil moisture [SM-L]) to define the postharvest response of 

sweetpotatoes (e.g., effect on storability or disease susceptibility) is a relatively new research 

direction.  The thresholds for temperature and soil moisture used in this analysis were 

defined using preliminary field research results to describe physiological responses of 

sweetpotatoes to environmental stress.  Other values to describe the thresholds (e.g., using a 

threshold of <12ºC for low air temperature [AT-L] as opposed to <13ºC) were examined in 

preliminary stages of analysis (data not shown), however, the threshold values used in the 

final analysis best described this dataset.  As the body of research grows, threshold values for 

environmental stress as affecting sweetpotato physiology will become better defined.  

However, the predictive models developed for Rhizopus soft rot and bacterial root rot were 

highly significant using the thresholds as defined in this study.   

This study produced a detailed dataset which will be of use for validating disease 

prediction models using results from future replicated studies.  This work represents the first 

step to developing a weather-based decision system for predicting postharvest disease 

susceptibility of sweetpotatoes based on preharvest conditions.   
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Table 2.1.  Potential predictors of Rhizopus soft rot and bacterial root rot incidence recorded 

for each sweetpotato field location in North Carolina, 2004-2006. 

 
Variable name Description 
Soila  

Sand Sand (%) 
Silt Silt (%) 
Clay Clay (%) 
Ac Exchangeable acidity (meq/100 cm3) 
CEC Cation exchange capacity (meq/100 cm3) 
HM Soil humic matter (%)  
pH Soil pH  
Ca Percent of cation exchange capacity occupied by calcium (%) 
Cu Plant available copper (index) 
K Plant available potassium (index) 
Mg Percent of CEC occupied by magnesium (%) 
Mn Plant available manganese (index) 
P Plant available phosphorus (index) 
S Plant available sulfur (index) 
Zn Plant available zinc (index) 

Weatherb  
AT Air temperature (ºC) 
AT-L Days of low air temperaturec (<18ºC) 
ST2, ST4 Soil temperature (ºC) estimated at 2 and 4 cm depths 
ST-H2, ST-H4 Days of high soil temperaturec (>32ºC) estimated at 2 and 4 cm 

depths 
ST-L2, ST-L4 Low soil temperaturec (<13ºC) estimated at 2 and 4 cm depths) 
SM10, SM40, SM100 Soil moisture [volumetric water potential (m3/m3)] estimated at 

10, 40, and 100 cm depths 
SM-H10, SM-H40, SM-H100 Days of high soil moisturec [volumetric water potential >0.31 

(m3/m3)] estimated at 10, 40, and 100 cm depths 
SM-L10, SM-L40, SM-L100 Days of low soil moisturec [volumetric water potential  <0.15 

(m3/m3)] estimated at 10, 40, and 100 cm depths 
aSoil chemistry and fertility from soil sample taken at harvest was quantified using the North Carolina 
Department of Agriculture (NCDA) Index (Hardy et al., 2008). 
bEstimated hourly weather data 
cA day was recorded as experiencing the predictor when a single hour in the 24-hour period reached or 
exceeded the defined threshold.   
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Table 2.2.  Relationships of Erwinia chrysanthemi and Rhizopus stolonifer susceptibility of 

sweetpotatoes (cv. Beauregard) to soil texture, chemistry and fertility measured at harvest in 

North Carolina, 2004-2006.   

 
  E. chrysathemi R. stolonifer 

Soil variablea Mean (Std. dev.) 
Corr. 
coef.b P value 

Corr. 
coef.b P value 

Texture      
Sand 78.34(8.61) 0.05704 0.3331 -0.09715 0.0981
Silt 7.01(3.51) -0.02122 0.7189 0.04600 0.4344
Clay 14.66(6.41) -0.06830 0.2463 0.10548 0.0724

Chemistry   
Acidity (Ac) 1.10(0.44) 0.24546 <0.0001 0.21825 0.0002
Cation exchange 
capacity (CEC) 

4.83(1.66) 0.22432 0.0001 0.11415 0.0517

Humic matter (HM) 1.12(0.53) -0.22478 0.0001 -0.13988 0.0170
pH  5.72(0.44) -0.33435 <0.0001 -0.02050 0.7277

Fertility   
Ca 37.82(8.91) -0.09947 0.0909 -0.09639 0.1008
Cu 84.77(64.01) 0.25297 <0.0001 0.13993 0.0169
K  51.48(24.65) 0.03514 0.5512 -0.22754 <0.0001
Mg  10.38(3.91) -0.06098 0.3007 -0.10358 0.0777
Mn  64.63(39.01) 0.06566 0.2651 0.27511 <0.0001
P 143.90(67.29) 0.14664 0.0124 0.26100 <0.0001
S  50.19(17.49) 0.36276 <0.0001 -0.10185 0.0828
Zn  117.85(109.47) 0.27244 <0.0001 0.10613 0.0706

aSoil parameters are reported using the North Carolina Department of Agriculture (NCDA) Index (Hardy et al., 
2008) 
bPearson’s correlation coefficients were calculated for the pooled data set of 2004, 2005, 2006 (n=75 fields). 
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Table 2.3.  Relationship of Erwinia chrysanthemi and Rhizopus stolonifer susceptibility of 
sweetpotatoes (cv. Beauregard) to mean air temperature, soil temperature, and soil moisture 
in North Carolina, 2004-2006.   
 
  E. chrysanthemi R. stolonifer 
Weather (days prior to 
harvest)a Mean (Std. dev.) 

Corr. 
coef.b P value Corr. coef.b P value 

AT      
7 d pre-harvest 21.43(3.55) -0.26506 <0.0001 -0.20966 0.0003
14 d pre-harvest 21.93(2.78) -0.28865 <0.0001 -0.20747 0.0004
21 d pre-harvest 22.26(2.57) -0.28210 <0.0001 -0.21346 0.0002
28 d pre-harvest 22.79(2.31) -0.26184 <0.0001 -0.22131 0.0001
Growing season 25.05(0.80) -0.12019 0.0408 -0.43154 <0.0001

ST2   
7 d pre-harvest 22.18(3.76) -0.28240 <0.0001 -0.20678 0.0004
14 d pre-harvest 22.66(2.92) -0.30148 <0.0001 -0.21508 0.0002
21 d pre-harvest 23.00(2.66) -0.29030 <0.0001 -0.2222 0.0001
28 d pre-harvest 23.53(2.38) -0.27132 <0.0001 -0.22960 <0.0001
Growing season 25.79(0.83) -0.12053 0.0403 -0.43133 <0.0001

ST4   
7 d pre-harvest 20.21(3.57) -0.28226 <0.0001 -0.20830 0.0003
14 d pre-harvest 20.67(2.78) -0.30157 <0.0001 -0.21804 0.0002
21 d pre-harvest 20.99(2.54) -0.29041 <0.0001 -0.22442 0.0001
28 d pre-harvest 21.50(2.27) -0.27120 <0.0001 -0.23138 <0.0001
Growing season 23.65(0.79) -0.12143 0.0388 -0.43199 <0.0001

SM10   
7 d pre-harvest 0.29(0.04) -0.40115 <0.0001 0.13034 0.0262
14 d pre-harvest 0.28(0.05) -0.31198 <0.0001 0.24178 <0.0001
21 d pre-harvest 0.28(0.05) -0.29912 <0.0001 0.34360 <0.0001
28 d pre-harvest 0.28(0.05) -0.36247 <0.0001 0.33553 <0.0001
Growing season 0.28(0.03) -0.32472 <0.0001 0.32046 <0.0001

SM40   
7 d pre-harvest 0.28(0.05) -0.36726 <0.0001 0.23030 <0.0001
14 d pre-harvest 0.27(0.06) -0.31348 <0.0001 0.29556 <0.0001
21 d pre-harvest 0.27(0.06) -0.31613 <0.0001 0.35936 <0.0001
28 d pre-harvest 0.27(0.06) -0.36265 <0.0001 0.34892 <0.0001
Growing season 0.27(0.03) -0.29812 <0.0001 0.32199 <0.0001

SM100   
7 d pre-harvest 0.24(0.07) -0.34001 <0.0001 0.31567 <0.0001
14 d pre-harvest 0.24(0.07) -0.33921 <0.0001 0.31143 <0.0001
21 d pre-harvest 0.24(0.07) -0.36820 <0.0001 0.32900 <0.0001
28 d pre-harvest 0.24(0.07) -0.40077 <0.0001 0.31423 <0.0001
Growing season 0.24(0.04) -0.29605 <0.0001 0.28691 <0.0001

aParameters were estimated using hourly site specific weather data.  Where AT=mean air temperature (ºC), 
ST2=mean soil temperature (ºC) at 2 cm depth, ST4=mean soil temperature (ºC) at 4 cm depth, SM10=mena soil 
moisture (m3/m3) at 10 cm depth, SM40=mean soil moisture (m3/m3) at 40 cm depth, and SM100=mean soil 
moisture (m3/m3) at 100 cm depth. 
bPearson’s correlation coefficients were calculated for the pooled dataset of 2004, 2005, 2006 (n=75 fields).  
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Table 2.4.  Relationships of Erwinia chrysanthemi and Rhizopus stolonifer susceptibility of 
sweetpotatoes (cv. Beauregard) to high and low soil and air temperature in North Carolina, 
2004-2006.   
 
  E. chrysanthemi R. stolonifer 

Stress parametera Mean (std. dev.) 
Corr. 
coef.b P value 

Corr. 
coef.b P value 

AT-L    
7 d pre-harvest 0.22(0.67) 0.18327 0.0017 0.29094 <0.0001
14 d pre-harvest 0.37(0.99) 0.23870 <0.0001 0.24182 <0.0001
21 d pre-harvest 0.37(0.99) 0.23870 <0.0001 0.24182 <0.0001
28 d pre-harvest 0.37(0.99) 0.23870 <0.0001 0.24182 <0.0001
Growing season 0.39(0.99) 0.32290 <0.0001 0.24182 <0.0001

ST-H2   
7 d pre-harvest 0.52(1.04) 0.03599 0.5416 -0.26292 <0.0001
14 d pre-harvest 0.78(1.33) 0.17851 0.0023 -0.14237 0.0151
21 d pre-harvest 1.37(2.13) 0.12841 0.0288 -0.16240 0.0055
28 d pre-harvest 2.56(3.13) 0.12831 0.0289 -0.15083 0.0100
Growing season 29.56(12.52) 0.34869 <0.0001 -0.35828 <0.0001

ST-H4   
7 d pre-harvest 0 . . . .
14 d pre-harvest 0 . . . .
21 d pre-harvest 0 . . . .
28 d pre-harvest 0.01(0.12) -0.03034 0.6069 -0.06867 0.2429
Growing season 1.19(1.13) 0.44850 <0.0001 -0.20426 0.0005

ST-L2   
7 d pre-harvest 1.06(1.52) 0.32290 <0.0001 0.20958 0.0003
14 d pre-harvest 1.27(2.05) 0.30165 <0.0001 0.21909 0.0002
21 d pre-harvest 1.67(2.86) 0.30777 <0.0001 0.22323 0.0001
28 d pre-harvest 1.92(3.47) 0.31176 <0.0001 0.23324 <0.0001
Growing season 2.21(3.75) 0.33403 <0.0001 0.21766 0.0002

ST-L4   
7 d pre-harvest 1.03(1.47) 0.27020 <0.0001 0.22279 0.0001
14 d pre-harvest 1.26(2.04) 0.26817 <0.0001 0.23567 <0.0001
21 d pre-harvest 1.62(2.76) 0.27545 <0.0001 0.24189 <0.0001
28 d pre-harvest 1.84(3.31) 0.28010 <0.0001 0.24682 <0.0001
Growing season 2.06(3.60) 0.30680 <0.0001 0.24077 <0.0001

aParameters were estimated using site specific weather data and thresholds were calculated as the number of 
days when the defined threshold was exceeded for any hour of the day.  Where AT-L=Air temperature <18ºC, 
ST-H2=soil temperature >32ºC at 2cm, ST-H4=soil temperature >32ºC at 4 cm, ST-L2=soil temperature <13ºC 
at 2 cm, and ST-L4=soil temperature <13ºC at 4 cm 
bPearson’s correlation coefficients were calculated for the pooled dataset of 2004, 2005, 2006 (n=75 fields).  
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Table 2.5.  Relationships of Erwinia chrysanthemi and Rhizopus stolonifer susceptibility of 
sweetpotatoes (cv. Beauregard) to high and low soil moisture in North Carolina, 2004-2006.   
 
  E. chrysanthemi R. stolonifer 

Soil parametera Mean (std. dev.) 
Corr. 
coef.b P value 

Corr. 
coef.b P value 

SM-H10    
7 d pre-harvest 3.29(2.52) -0.35811 <0.0001 0.09279 0.1142
14 d pre-harvest 6.30(4.70) -0.41359 <0.0001 0.06401 0.2764
21 d pre-harvest 9.23(6.78) -0.40898 <0.0001 0.20472 0.0004
28 d pre-harvest 11.97(9.17) -0.46700 <0.0001 0.22140 0.0001
Growing season 46.84(23.90) -0.39537 <0.0001 0.25405 <0.0001

SM-H40    
7 d pre-harvest 2.53(3.03) -0.35117 <0.0001 0.13104 0.0254
14 d pre-harvest 4.99(5.50) -0.38548 <0.0001 0.09269 0.1146
21 d pre-harvest 7.32(7.56) -0.42400 <0.0001 0.18160 0.0019
28 d pre-harvest 9.26(9.90) -0.49245 <0.0001 0.19046 0.0011
Growing season 26.60(21.33) -0.36080 <0.0001 0.22798 <0.0001

SM-H100    
7 d pre-harvest 1.62(2.75) -0.31145 <0.0001 0.10886 0.0637
14 d pre-harvest 3.27(5.16) -0.31419 <0.0001 0.10306 0.0792
21 d pre-harvest 4.73(7.22) -0.38593 <0.0001 0.14141 0.0158
28 d pre-harvest 5.96(9.08) -0.43863 <0.0001 0.17849 0.0022
Growing season 11.23(14.67) -0.41696 <0.0001 0.19848 0.0007

SM-L10    
7 d pre-harvest 0.06(0.47) 0.08057 0.1712 0.03428 0.5602
14 d pre-harvest 0.41(1.23) 0.00592 0.9201 -0.26111 <0.0001
21 d pre-harvest 0.74(2.12) 0.05396 0.3598 -0.30758 <0.0001
28 d pre-harvest 0.79(2.28) 0.05489 0.3516 -0.30730 <0.0001
Growing season 1.70(4.98) -0.00241 0.9675 -0.32584 <0.0001

SM-L40    
7 d pre-harvest 0.07(0.38) 0.01722 0.7733 -0.02758 0.6394
14 d pre-harvest 0.64(1.92) -0.02562 0.6639 -0.29478 <0.0001
21 d pre-harvest 1.12(3.18) 0.00804 0.8916 -0.32883 <0.0001
28 d pre-harvest 1.67(4.75) 0.00353 0.9522 -0.30942 <0.0001
Growing season 3.12(9.37) -0.00140 0.9811 -0.30274 <0.0001

SM-L100    
7 d pre-harvest 1.01(2.37) 0.05495 0.3511 -0.34803 <0.0001
14 d pre-harvest 1.82(4.43) 0.02605 0.6586 -0.35111 <0.0001
21 d pre-harvest 2.69(6.55) 0.01780 0.7627 -0.33488 <0.0001
28 d pre-harvest 3.49(8.38) 0.01924 0.7443 -0.31300 <0.0001
Growing season 6.36(16.37) 0.03422 0.5617 -0.31615 <0.0001

aParameters were estimated using site specific weather data.  Calculated as the number of days when the defined 
threshold was exceeded for any hour of the day.  Where SM-H10= soil moisture >0.31 (m3/m3) at 10 cm, SM-
H40=soil moisture >0.31 (m3/m3) at 40 cm, SM-H100=soil moisture >0.31 (m3/m3) at 100 cm, SM-L10= soil 
moisture <0.15 (m3/m3) at 10 cm, SM-L40= soil moisture <0.15 (m3/m3) at 40 cm, and SM-L100= soil moisture 
<0.15 (m3/m3) at 100 cm 
bPearson’s correlation coefficients were calculated for the pooled data set of 2004, 2005, 2006 (n=75 fields).  
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Table 2.6. Final reduced models selected by stepwise regression followed by mixed model 
analysis to explain the postharvest susceptibility of sweetpotatoes (cv. Beauregard) to 
Rhizopus stolonifer and Erwinia chrysanthemi using weather and soil parameters.   
 

Pathogen Parametera
Parameter 
estimate Error df t value P value 

R. stolonifer       
 Intercept 61.91 146.61 53.4 0.42 0.6745 
 Year2004 -28.28 8.68 53 -3.26 0.0020 
 Year2005 -38.70 12.67 53 -3.05 0.0035 
 Insecticide -2.48 1.41 60.2 -1.77 0.0825 
 P 0.13 0.05 53 2.58 0.0126 
 Ca -0.93 0.37 53 -2.50 0.0156 
 HM -20.97 7.22 53 -2.91 0.0053 
 Growing season AT -149.51 62.20 53 -2.40 0.0198 
 Growing season SM40 313.09 132.11 53 2.37 0.0215 
 Growing season ST2 143.39 61.24 53 2.34 0.0230 

E. chrysanthemi       
 Intercept 229.14 42.39 56 5.41 <0.0001 
 Year2004 -40.09 8.69 56 -4.61 <0.0001 
 Year2005 -36.82 7.50 56 -4.91 <0.0001 
 Insecticide -0.48 1.76 61 -0.27 0.7875 
 pH -16.17 5.78 57 -2.80 0.0070 
 14 d pre-harvest ST-H2 5.05 1.79 57 2.83 0.0065 
aWhere Insecticide=insecticide treated compared to non-insecticide treated beds within a field, P=soil 
phosphorus index, Ca=soil calcium (%), HM=humic matter (%), growing season AT=mean air temperature (ºC) 
over the growing season, Growing season SM40=mean soil moisture (m3/m3) at 40 cm depth over the growing 
season, Growing season ST2=mean soil temperature (ºC) at 2 cm depth over the growing season, pH=soil pH, 
and 14 d pre-harvest ST-H2=numbers of days exceeding a soil temperature threshold of  >32ºC at a depth of 2 
cm in the fourteen days prior to harvest. 
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Figure 2.1.  Location of sweetpotato fields sampled in North Carolina, 2005-2007.  The top 

sweetpotato producing counties (2005) are highlighted in gray.   
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Figure 2.2. Postharvest susceptibility of sweetpotatoes to Rhizopus stolonifer and Erwinia 
chrysanthemi in North Carolina in 2004, 2005, and 2006.  Each set of paired bars represents 
a single field and is sorted in descending order for Rhizopus soft rot incidence (left to right).   
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Figure 2.3.  Correlation (coeff.=0.01840; p-value=0.04) between bacterial root rot incidence 

and Rhizopus soft rot incidence of sweetpotatoes (cv. Beauregard) in North Carolina, 2004-

2006.  

 63



  

 

Figure 2.4.  Predicted versus actual Rhizopus soft rot incidence (%) using the final reduced 

mixed model which includes weather and soil parameters. 
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Figure 2.5.  Predicted versus actual bacterial root rot incidence (%) using the final reduced 

mixed model which includes weather and soil parameters. 
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CHAPTER 3.  SUSCEPTIBILITY OF SWEETPOTATOES (IPOMOEA BATATAS 

LAM.) TO DECAY BY RHIZOPUS STOLONIFER AS RELATED TO INJURIES 

OCCURRING ON PACKINGLINES   

 

The following chapter is in preparation for submission to the journal Postharvest Biology 

and Technology with authors B.A. Edmunds, G.J. Holmes, and C.A. Clark1.  (1Department of 

Plant Pathology and Crop Physiology, Louisiana State University, Baton Rouge, LA) 

 

Abstract:  

Postharvest handling and packing of sweetpotatoes (Ipomoea batatas Lam.) can result in 

increased susceptibility to the wound-obligate pathogen, Rhizopus stolonifer, however the 

relationship is not well understood.  The impact forces occurring on forty sweetpotato 

packinglines in Louisiana and North Carolina were quantified using an impact recording 

device.  A wide range in impact forces was found among packinglines in each state and a 

relationship was seen between packinglines with increased transfer points having higher 

cumulative impact forces than packinglines with fewer transfer points.  Studies were 

conducted to understand the relationship between impact forces occurring on packinglines 

and susceptibility to Rhizopus soft rot.  Two sweetpotato cultivars (Hernandez and 

Beauregard) were injured by dropping in two orientations (root end or root midsection held 

parallel to the impact surface) from five heights corresponding to impact forces in the range 

of those measured on commercial packinglines.  After dropping, the roots were dip-

inoculated in a R. stolonifer sporangiospore suspension.  In both cultivars, impacts on the 
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root end resulted in greater decay than the same impact force on the root midsection.  

Hernandez was significantly more susceptible to Rhizopus soft rot than Beauregard at all 

impact forces.  A separate experiment was conducted to study the cumulative effect of roots 

passing over a packingline transfer point.  Results indicate that increasing the number of 

times roots are passed over a packingline transfer point results in increased Rhizopus soft rot 

incidence in both Hernandez and Beauregard.  Hernandez was again significantly more 

susceptible than Beauregard.  To confirm that packingline impacts are related to Rhizopus 

soft rot development, Beauregard roots were sampled from multiple locations along six 

commercial packinglines in North Carolina.  Two replications were artificially inoculated 

with a R. stolonifer sporangiospore suspension and two replications were not inoculated.  

High decay in the inoculated roots as compared to the non-inoculated roots indicates that 

wounding occurred on packinglines that resulted in increased disease incidence when the 

pathogen was present at high levels.   

 

3.1. Introduction  

Rhizopus soft rot, caused by the fungus Rhizopus stolonifer, is the most common and 

destructive post-packing disease of sweetpotatoes (Ipomoea batatas Lam.) (Clark and Moyer, 

1988).  Losses due to Rhizopus soft rot can be significant.  An estimated 2% of 

sweetpotatoes are lost to Rhizopus soft rot by the time they reach the retail market (Ceponis 

and Butterfield, 1974), but losses are sporadic and it takes few rotted roots to cause 

shipments to be rejected.  
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Rhizopus soft rot most commonly occurs at harvest and after roots are passed over a 

packingline to be washed, graded, and boxed.  Sweetpotato packinglines are not a level 

surface but consist of overlapping components or transfer points.  These transfer points create 

height differentials in which roots fall or roll down slopes onto the next component.   

Root injuries are a critical factor for the development of Rhizopus soft rot.  R. 

stolonifer does not cause disease on undamaged sweetpotato roots but requires an injury for 

infection to occur (Lauritzen, 1935).  When R. stolonifer spores (which are ubiquitous in the 

environment) land in an injury on a susceptible sweetpotato, they very quickly germinate to 

form mycelia and produce pectolytic enzymes which break down cell walls resulting in a 

very soft, watery rot (Lauritzen, 1935; Srivastava and Walker, 1959).  Root decay can occur 

in as little as 3 days.   

Sweetpotatoes are known to incur three types of injuries during the packing process: 

skinning, when the periderm is sloughed off; broken ends, when the long, thin root tips are 

broken off; and bruising, when the root tissue is crushed from bounces and drops on 

packingline surfaces.  R. stolonifer infections are more likely to occur with bruise injuries 

than with smooth injuries (like those caused by skinning and broken ends).  Lauritzen (1935) 

and Srivastava and Walker (1959) found increased Rhizopus soft rot in roots bruised by 

manually impacting roots on the edge of a hard object or crushing the root tips as compared 

to smooth cuts.  Clark and Hoy (1994) found that puncturing roots with a R. stolonifer 

sporangiospore coated screw resulted in higher Rhizopus soft rot than roots injured in a free 

fall drop of 1m onto a flat surface.  Holmes and Stange (2002) again found that bruises were 

more susceptible than scrapes or punctures.  A limitation of these studies is that puncture 
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wounds are rare in commercial packing settings and the impact force required to initiate 

bruising and subsequent decay was not quantified, making direct comparisons to injuries 

received on packinglines difficult.   

The relationship between impacts occurring on sweetpotato packinglines and the 

occurrence of root injuries is not well understood.  The development of Rhizopus soft rot 

during shipping suggests that bruising is happening on packinglines to a degree that disease 

can develop.  The impact forces that sweetpotatoes are subjected to during packing are 

unknown as studies have not been completed to quantify these impact forces.   

The objectives of this study were to 1) characterize the impact forces occurring on 

commercial sweetpotato packinglines using an impact recording device; 2) determine the 

potential for packingline impacts to result in Rhizopus decay; and 3) confirm that handling 

on commercial packinglines increases susceptibility to Rhizopus soft rot.  These experiments 

represent the first steps toward defining the relationship between impact forces occurring on 

packinglines and Rhizopus soft rot development in sweetpotatoes.   

 

3.2. Methods 

 

3.2.1. Measurement of impact forces occurring on sweetpotato packinglines   

Impact recording devices (Sensor Wireless, PEI, Canada) were used to measure 

impact forces occurring on 17 North Carolina and 23 Louisiana sweetpotato packinglines in 

2005 and 2006.  Two identical impact recording devices were used, one in each state, and 

were purchased at the same time.  Each device was calibrated by the manufacturer prior to 
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use.  The impact recording device is comprised of three parts; an accelerometer which 

measures impact force, a urethane casing which fits tightly around the accelerometer, and a 

personal digital assistant (PDA) connected to a wireless radio sled.  The company-supplied, 

potato-shaped casing proved inadequate in preliminary trials as the dimensions and buoyancy 

characteristics did not accurately mimic the behavior of a sweetpotato.  To address these 

issues, a sweetpotato shaped casing was designed with SolidWorks 3D CAD (Concord, MA).  

A standard shaped US #1 grade sweetpotato root was used as the basis of a three dimensional 

mold.  This mold was then used to produce two identical silicon casings with foamcore-filled 

pockets added to each end to increase buoyancy (Figure 3.1).  The casing halves fit tightly 

around the accelerometer and the device is the exact shape and buoyancy of a typical U.S. #1 

grade sweetpotato.  The final specifications of the modified impact recording device (new 

casing fitted on the accelerometer) were 17.2 cm in length, 7 cm in diameter at the 

midsection, and a weight of 0.39 kg.   

Impact forces (measured as force of deceleration, m/s2; 9.81 m/s2 = 1 g [gravitational 

force]) were measured three to five times for all transfer points on each packingline.  The 

impact surface for each transfer point and the height of the drop were recorded.  The 

cumulative impact force was calculated for each packingline by adding the mean maximum 

impact force for each transfer point.   

 

3.2.2. Inoculum production 

The R. stolonifer isolate used in these trials was originally collected in 1992 from a 

sweetpotato showing Rhizopus soft rot symptoms and signs and stored on silica crystals at 
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3ºC (Perkins, 1962).  To produce inoculum, silica crystals were transferred to Petri dishes 

containing potato dextrose agar (Difco; Sparks, MD) and held at room temperature (22°C) to 

induce production of sporangiospores.  After six days, approximately 10mL of sterile water 

was added to each plate and the sporangiospores were dislodged by gently rubbing the 

surface with a bent glass rod.  The resulting suspension was filtered through four layers of 

cheesecloth to remove mycelial fragments and agar pieces.  The spore suspension was diluted 

with 0.01% octylphenol ethoxylate (Triton™ X-15, Dow, New Jersey) to a concentration of 

106 sporangiospores/ml to reduce clumping.  The suspension was kept refrigerated (1°C) 

overnight.  Fresh spore suspension was prepared for each experiment.   

 

3.2.3. Sweetpotato cultivars 

Two sweetpotato cultivars were used, Hernandez and Beauregard.  Sweetpotatoes were 

grown according to standard practices in North Carolina.  After harvest, the roots were cured 

and stored in commercial storage facilities.  One week prior to experiments, the roots were 

collected into ventilated plastic crates and transported to an on-site storage room (14.5 

ºC/95% relative humidity [RH]).  The roots were held at 14.5 C until use.  One day prior to 

the experiment, the roots were gently hand-washed in tap water to remove clinging soil and 

allowed to air dry.  All roots conformed to the US No. 1 grade; average weight was 0.51 kg, 

average length was 18 cm.   
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3.2.4. The effect of drop height and root orientation on Rhizopus soft rot development  

Two experiments were conducted to study the effect of drop height and root orientation 

on the development of Rhizopus soft rot.  In the first experiment, roots were held parallel to a 

stainless steel impact surface (root midsection impacted).  Consistent drop height was 

accomplished using a vacuum suction device similar to that described in Menesatti et al. 

(1999).  A single root was placed into the vacuum suction cup with the root parallel to the 

impact surface, raised to the designated drop height, and then the suction manually released, 

allowing the root to fall.  Roots were not allowed to bounce upon impact (roots were caught 

by hand after first impact).  In the second experiment, roots were held perpendicular to the 

impact surface (root end impacted) and then dropped in a manner similar to the first 

experiment.   

Immediately after dropping, the root was inoculated by submersion in a R. stolonifer 

sporangiospore suspension (prepared as described in section 2.2) for 30 seconds.  Inoculated 

roots were placed in ventilated plastic storage crates and stored at 14.5 C and 95% RH.  After 

7 days, the roots were rated for incidence of Rhizopus soft rot.   

Two cultivars were tested; Hernandez and Beauregard (described in section 2.3).  Five 

drop height treatments were tested (0, 2.5, 5, 23, and 33 cm) which corresponded to 

maximum impact forces of 0, 98.1, 196.2, 392.4, and 588.6 m/s2, respectively (as measured 

with the impact recording device described in section 2.1).  The drop height was measured 

from the bottom of the root.  Four replications of 10 roots each were tested for each drop 

height treatment.  The experiments were repeated twice.   
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3.2.5. Determination of the cumulative effect of packingline transfer points on Rhizopus soft 

rot development 

 An experiment was conducted to study the effect of roots passing over a simulated 

packingline transfer point one or more times on the development of Rhizopus soft rot.  The 

packingline drop used in this experiment consisted of two conveyors running in tandem.  The 

upper conveyor was composed of 5.1 cm wooden rollers and the lower conveyor was a steel 

supported belt conveyor (0.6 cm non-padded plastic belt).  Both conveyors were traveling at 

a speed of 0.25 m/s and were separated by a vertical drop of 30 cm.  The drop treatment was 

applied by placing 15 roots by hand onto the stopped upper conveyor with the roots 

orientated parallel to the drop.  The conveyors were turned on and the roots were allowed to 

fall onto the lower conveyor.  The conveyors were stopped after all 15 roots had fallen onto 

the lower conveyor.  This constituted a single drop.  If the treatment designated additional 

drops, the roots were moved by hand to the upper conveyor and the process repeated.   

The experiment was set up as a 2 x 4 x 4 factorial (2 cultivars x 4 drop treatments x 4 

replications).  Two cultivars were tested, Beauregard and Hernandez, as described in section 

2.3.  Four drop treatments were tested; 0, 1, 5, or 10 drops which corresponded to a 

cumulative impact force of 0, 294, 1471, and 2943 m/s2 as measured with the impact 

recording device.  There were four replications of 15 roots and the experiment was repeated 

twice.   

Immediately after the drop treatment, the replications were inoculated by submerging 

the roots in a R. stolonifer sporangiospore suspension (prepared as described in section 2.2) 

for 30 seconds.  Inoculated roots were placed in ventilated plastic storage crates and stored at 
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15 C and 95% RH.  After 7 days, the replications were rated for incidence of Rhizopus soft 

rot.   

 

3.2.6. Potential for Rhizopus soft rot development on commercial packinglines 

 Commercial sweetpotato packinglines were sampled to determine the effect of 

packingline impacts on the incidence of Rhizopus soft rot.  Six packinglines in North 

Carolina were sampled on three dates during the 2005-2006 season.  The packinglines 

selected for this experiment contain the types and numbers of transfer points as found in the 

majority of packinglines surveyed as described in section 2.1.  The roots sampled in this 

experiment differ from those used in previously described experiments (section 2.3.).  

Specifically cv. Beauregard roots were sampled and roots at each sample date on each 

packingline originated from a different grower and field, for a total of 18 different fields of 

Beauregard roots tested.   

On each packingline, five sample points were identified that were representative of 

the entire packing process (i.e., from storage bins to packed cartons).  During normal packing 

operations, 160 U.S. No. 1 grade roots were removed by hand at each designated sample 

point.  The roots from a single sample point were randomly divided into four replications of 

40 roots each.  Two replications were inoculated by submerging the roots for 30 sec in a 106 

R. stolonifer spore suspension (prepared as described in section 2.2.).  The remaining two 

replications were not inoculated.  Replications were placed in separate ventilated plastic 

crates, transported to a storage facility and stored at 15 C and 90% RH.  After seven days, all 

four replications were rated for incidence of Rhizopus soft rot.   
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At each sampling time, impacts occurring on the packingline were measured using 

the impact recording device as described in section 2.1.  The impact recording device was 

passed over each packingline three times and the maximum impact force for individual drops 

was recorded.  Cumulative impact forces for each packingline were calculated by adding the 

maximum mean impact force of all transfer points.   

 

3.2.7. Statistical analysis 

 Non-transformed data from the packingline impact survey were subjected to analysis 

of variance ( PROC GLM, SAS Institute, Cary, NC) and Student-Neuman-Kuels means 

separation tests were performed on the data.   

Non-transformed data from impact force vs. root orientation experiments were 

subject to analysis of variance (PROC ANOVA, SAS Institute, Cary, NC).  Data from the 

two experiments were pooled after testing the error means square for homogeneity.  Least 

significant difference (LSD) values for treatment effects were calculated.   

Non-transformed data from the cumulative effect of a single impact was subject to 

analysis of variance (PROC ANOVA, SAS Institute, Cary, NC).  Least significant difference 

(LSD) values for treatment effects were calculated.   

Non-transformed data from the commercial packingline sampling study were 

subjected to analysis of variance ( PROC GLM, SAS Institute, Cary, NC) and Student-

Neuman-Kuels means separation tests were performed on the data.   
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3.3. Results 

 

3.3.1. Impacts occurring on sweetpotato packinglines.   

Packinglines in Louisiana and North Carolina differed in the number of transfer 

points, the types of impact surfaces, and the impact force onto impact surfaces.  Three types 

of equipment (impact surfaces) were only found on North Carolina packinglines; electronic 

sizers (metal), sponge rolls (sponge covered rollers), and metal plates (stainless steel).  These 

additional types of equipment contributed to the increased number of transitions and 

cumulative impacts seen on North Carolina packinglines.  There were significantly more 

transfer points on North Carolina packinglines than on Louisiana packinglines (mean 10.6 

and 8.5 transfer points, respectively; p=0.016).   

There were some significant differences among maximum impact forces on impact 

surfaces in each state (p<0.001) (Table 3.1).  In Louisiana, maximum impacts were 

significantly lower onto plate-supported conveyors and significantly higher into water in 

dump tanks than in North Carolina (Table 3.1).  Otherwise, there was no difference between 

maximum impacts occurring on specific impact surfaces in each state.  The majority of 

impact surfaces showed maximum impact forces exceeding 294 m/s2 and several surfaces 

exceeded 588 m/s2 (Table 3.1).   

The average cumulative impact forces were not significantly higher in North Carolina 

(mean=986 m/s2) than in Louisiana (mean=808 m/s2).  Overall, a wide range in cumulative 

impacts was seen in both states and was dependent on the number of transfer points; 

packinglines with more transfer points were more likely to have higher cumulative impacts.   
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3.3.2. The relationship of impact orientation to R. stolonifer susceptibility 

 Results of the impact orientation experiments reveal significant differences in cultivar 

response to increasing drop height and root orientation (Figure 3.2).  Differences in the 

amount of decay were seen between ‘Hernandez’ and ‘Beauregard’ when the roots were 

dropped on the midsection (Figure 3.2A).  Hernandez developed decay at all drop heights 

tested and significant differences were seen between the drop heights.  There was no 

significant difference between the control of 0 m/s2 (0 cm) and the 98 m/s2 (2.5 cm) and 196 

m/s2 (5 cm) drops onto the midsection in Beauregard roots with decay incidences of 0%, 0%, 

and 0.8%, respectively.   

 When roots were dropped onto root ends, significant differences in Rhizopus soft rot 

incidence were seen between the two cultivars (Figure 3.2B).  Hernanadez developed decay 

at all drop heights tested.  Increasing the drop height resulted in increased decay incidence, 

but there was no significant difference between the 392 m/s2 (23 cm) and the 588 m/s2 (33 

cm) drop treatments.  In Beauregard, no significant difference was seen between the control 

of 0 m/s2 (0cm) and the 98 m/s2 (2.5 cm) drop onto the root end as decay was 0% in both 

drop treatments.   

Overall, Beauregard was less susceptible than Hernandez when the roots were 

dropped from the same heights, regardless of root orientation when dropped.  Both cultivars 

showed a significant linear relationship to increasing impact forces occurring at both impact 

orientations as indicated by high R2 values (Figure 3.2). 
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3.3.3. Relationship of multiple packingline drops to R. stolonifer susceptibility 

Results of the multiple packingline drop experiment show that a single drop of 294 

m/s2 (30 cm) resulted in a significant increase in decay incidence in Hernandez sweetpotatoes 

as compared to the non-dropped control (Figure 3.3).  In Beauregard, decay incidence after 

the single drop treatment (cumulative impact of 294 m/s2) was not significantly different than 

the non-dropped control.  In both cultivars multiple drops resulted in increased decay 

incidence, however, Hernandez was significantly more susceptible than Beauregard.  In 

Hernandez, the 10 drop treatment (cumulative impact of 2943 m/s2) resulted in 100% decay 

incidence while only 14.5% incidence was seen in Beauregard roots.   

 

3.3.4. Potential for Rhizopus soft rot development on commercial packinglines 

Roots sampled from commercial packinglines showed very low levels (<0.5%) of 

naturally occurring Rhizopus soft rot regardless of sample location or packingline sampled 

(Figure 3.4).  Samples taken from the storage bins (the first sample location on all 

packinglines) showed no significant difference between the inoculated (mean 

incidence=0.6%) and non-inoculated samples (mean incidence=0%).  These roots were 

transported out of the storage facility but not yet placed onto the packingline (minimal 

handling).  Once roots were added to the packingline, decay incidence was significantly 

greater in inoculated roots than in non-inoculated roots at 15 of 23 sample locations (not 

including the first sample location).   

Although decay incidence was higher in inoculated roots at the last sample point 

(packed cartons) as compared to the first sample point (storage bins), a significant linear 
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relationship was not seen.  We also did not see a significant difference in decay incidence 

from the last sample point (packed cartons) among the six packinglines, although the final 

cumulative impact level differed widely between packinglines (1200-3000 m/s2 was 

accumulated by box fill).   

 

3.4. Discussion 

Our use of a sweetpotato-shaped impact recording device to quantify packingline 

impacts is unique.  In the early 1990’s, sweetpotato packinglines were measured using a first 

generation, spherical-shaped impact recording device; however, this data was never 

published (M. Boyette, personal communication).  Spherical-shaped impact recording 

devices have been utilized to study the relationship of packing processes to bruising and 

surface scuffing in citrus and onion (Miller and Wagner, 1991; Hyde et al., 1992; Shellie, 

1997; Bajema and Hyde, 1995).  A limitation of a spherical shaped device is that it behaves 

differently on a packingline than an oblong shaped commodity such as cucumber, potato, 

carrot or sweetpotato.  Second generation impact recording devices with oblong shaped 

casings were developed for more accurately measuring impacts occurring during potato 

harvesting and packing (Tennes et al., 1990; Canneyt et al., 2003; Sensor Wireless, 

Charlottetown, PE, Canada).  More recently, an accelerometer was developed that can be 

placed inside a hollowed out carrot which is then passed over a packingline (Geyer et al., 

2006).  Using an actual carrot as an accelerometer casing more closely mimics the physical 

properties of a carrot.  However, a new vegetable specimen must be used at each sample date 

which can introduce excessive variability into the measurements.  The shape and consistency 
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of the silicon accelerometer casing used in this study resulted in precise and consistent 

measurements while accurately mimicking the mechanical behavior of sweetpotatoes during 

the packing process.   

Surveying packinglines and using the sweetpotato shaped impact recording device to 

quantify impacts identified similarities in the types of components and associated impact 

forces among sweetpotato packinglines in Louisiana and North Carolina.  Packinglines in 

both states contained the same basic types of components used to wash, grade, and package 

roots.  North Carolina packinglines had several additional, unique components including 

electronic sizers, metal plates, and sponge-covered rollers (used to wick excess moisture 

from the roots).   

As the packingline impact force data shows, sweetpotatoes are exposed to a wide 

range of impact forces during the packing process.  Although it is well established that 

Rhizopus soft rot of sweetpotatoes is dependent on root injuries (Lauritzen, 1935; Srivastava 

and Walker, 1959; Holmes and Stange, 2002), this is the first study to quantify the impact 

forces occurring during normal packing processes and directly relate those impact forces to 

disease susceptibility.  We have identified an effect of root orientation on susceptibility, with 

root ends being more susceptible than the root midsection when the same impact force is 

applied.  This is not surprising, as the impacted area is much smaller on root ends.  We found 

a significant linear relationship between increasing impact forces and decay incidence in both 

cultivars and at both drop orientations.  Beauregard roots were not susceptible at the impact 

force of 100 m/s2 when dropped on either the end or midsection.  This is a significant finding 

that can lead to changes in packingline design to minimize impact forces.   
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This work also demonstrates differences in cultivar response to R. stolonifer 

infection.  The increased susceptibility to Rhizopus soft rot of Hernandez as compared to 

Beauregard is well-known (Clark and Hoy, 1994; Holmes and Stange, 2002); however, the 

differential response of the cultivars to impact forces was not previously characterized.  The 

results of our controlled drop experiments showed Hernandez to be more susceptible at every 

impact force and orientation combination.  These results indicate that Hernandez may always 

need a preventative fungicide application on packinglines for Rhizopus soft rot control.   

The mechanism of resistance among sweetpotato cultivars to damage by impact 

forces is a research area that needs further exploration.  Clark and Hoy (1994) suggested that 

sweetpotatoes may have two types of resistance, tissue resistance and wounding resistance.  

It is possible that increased intercellular space in the root tissue of Hernandez allows this 

cultivar to deform or bruise more extensively during handling (Wright et al., 1968) or that 

root tissue firmness is a factor in injury severity although this was not measured in this study.   

When Beauregard roots were sampled from commercial packinglines, increased 

decay was seen in the artificially inoculated roots compared to non-inoculated roots from the 

same sample location.  However, on all packinglines at all sampling dates, roots from the end 

of the packingline (sampled from a packed box) had significantly more decay than the 

control samples (roots sampled directly from storage).  This increased decay incidence 

indicates that injuries are occurring which are capable of resulting in Rhizopus infection.  If 

R. stolonifer sporangiospores were present at higher concentration (e.g. because of improper 

sanitation, sporulating roots from storage added to the packingline, etc.), increased decay 

incidence would likely occur, especially if the cultivar is more susceptible.   
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All of the packinglines sampled applied dicloran, a fungicide with efficacy against R. 

stolonifer, at one point on the packingline.  Fungicide applications generally occur in the 

middle of sweetpotato packinglines.  This allows the root surface to dry somewhat prior to 

packing into cartons.  The high levels of decay found in the inoculated samples from the end 

of the packingline (packed carton) indicate that injuries are occurring post-application which 

are not protected by the fungicide.  Botran is a very effective fungicide when applied to R. 

stolonifer inoculated wounds (Edmunds et al., 2006); however, the residual effect on wounds 

occurring after its application has not been tested.   

Our results have important implications for the management of post-pack Rhizopus 

soft rot in sweetpotatoes.  These results will be useful in the development of guidelines for 

modifying sweetpotato packinglines to reduce drop height and total impacts in order to 

reduce losses to Rhizopus soft rot, especially if susceptible cultivars are being handled.  

These results also suggest that packingline design might be modified to reduce the percent of 

roots which land on the more susceptible root end.  These results also provide a quantitative 

assessment of the value of resistance in managing Rhizopus soft rot and indirect indications 

of the importance of sanitation.  To further improve the management of Rhizopus soft rot, a 

predictive model which incorporates these results could be developed to optimize fungicide 

application to its gratest advantage.    
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Table 3.1. Mean maximum impact force (m/s2) associated with common impact surfaces on 

23 sweetpotato packinglines in Louisiana and 17 packinglines in North Carolina.  

  Louisiana  North Carolina 
Packingline 
component (impact 
surface) 

number 
sampleda

mean impact  
(max impact) 

number 
sampleda

mean impact  
(max impact) 

dump tank 
(water/roots)c

20 141.3 (611.2) ab 14 90.3 (505.2) abcb

mechanical sizer 
(onto PVC bars) 

23 132.4 (397.3) ab 10 146.2 (318.8) ab 

mechanical sizer 
(onto plate-supported 
conveyor) 

23 120.7 (450.3) abc 10 130.5 (357.1) abc 

dump (metal bars) 4 120.7 (348.3)  2 154.0 (629.8) a 

box fill 
(roots/fiberboard) 

23 112.8 (530.7) abc 17 138.3 (711.2) abc 

eliminator (metal 
rollers) 

18 91.2 (539.6) abcd 17 89.3 (268.8) abc 

grading table (PVC 
rollers) 

29 87.3 (381.6) bcd 28 73.6 (286.5) bc 

fungicide dip 
(water/roots) 

11 75.5 (483.6) dc 7 60.8 (170.7) c 

brushbed (plastic 
bristles) 

34 69.7 (278.6) cd 32 71.6 (352.2) cb 

conveyor (metal 
plate-supported 
plastic conveyor) 

16 58.9 (254.1) d 30 100.1 (527.8) abc 

metal (metal plate) n/a n/a  7 146.2 (369.8) ab 

electronic sizer 
(metal) 

n/a n/a  2 115.8 (157.0) abc 

sponge roll (2” 
sponge covered 
roller) 

n/a n/a  1 62.8(92.2) c 

aThree to five replications per sample 
bMeans within a column followed by the same letter are not significantly different (p=0.05) according 
to the Student-Newman Keuls test.   
cShaded rows indicate packingline components that differ significantly (p=0.05) in impact force 
between states according to the Student-Newman Keuls test.  Non-shaded rows do not differ 
significantly between states. 
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Figure 3.1.  An impact recording device was used to quantify impact forces occurring on 

sweetpotato packinglines.  A modified silicon casing that fits around the accelerometer (A) 

was fabricated using the dimensions of a U.S. No. 1 grade sweetpotato.  The cutaway portion 

shows the foamcore filled pockets (B) added to increase buoyancy of the impact recording 

device.   
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Figure 3.2.  The effect of increasing impact forces on root midsections (A) and root ends (B) 

on the incidence of Rhizopus soft rot in inoculated Beauregard and Hernandez sweetpotatoes.
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Figure 3.3.  The cumulative effect passing sweetpotatoes repeatedly over a single 

packingline drop (height=30.5 cm/impact force= 294.3 m/s2) on the incidence of Rhizopus 

soft rot in inoculated Beauregard and Hernandez sweetpotatoes. 
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Figure 3.4.  The effect of cumulative impact forces occurring on six commercial sweetpotato 

packinglines in NC (A-F) on the incidence of Rhizopus soft rot in inoculated and non-

inoculated sweetpotatoes sampled at consecutive points on packinglines.  The regression line 

indicates the relationship between decay incidence in inoculated roots and cumulative impact 

forces.   
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CHAPTER 4.  EVALUATION OF ALTERNATIVE DECAY CONTROL PRODUCTS 

FOR CONTROL OF POSTHARVEST RHIZOPUS SOFT ROT OF 

SWEETPOTATOES 

 

This chapter has been accepted for publication in the online journal Plant Health Progress.  

B.A. Edmunds and G. J. Holmes.  2008.  Evaluation of alternative decay control products for 

control of postharvest rhizopus soft rot of sweetpotatoes.  Plant Health Progress: In Press. 

 

Abstract 

Postharvest Rhizopus soft rot of sweetpotato, caused by Rhizopus stolonifer, is 

managed by minimizing injuries incurred during harvesting and packing, curing roots 

immediately after harvest, and applying fungicide during packing.  The U.S. sweetpotato 

industry relies heavily on a single fungicide (dicloran) to control Rhizopus soft rot, however, 

many markets (export, infant food, and organic) no longer allow dicloran residues.  Dicloran 

is currently the only fungicide labeled for control of Rhizopus soft rot.  Thirty-three products 

were tested in nine individual experiments over a 5 year period to identify alternative control 

products.  The reduced-risk fungicides boscalid plus pyraclostrobin (Pristine) and fludioxonil 

(Scholar) significantly reduced Rhizopus soft rot and performed similarly to dicloran.  The 

biological products, Bio-Save 10LP and 11LP, suppressed Rhizopus soft rot although results 

were variable among tests.  Generally recognized as safe (GRAS) treatments were ineffective 

in controlling soft rot by our methods.   
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Introduction 

Rhizopus soft rot, caused by the fungus Rhizopus stolonifer, is the most common 

postharvest disease of sweetpotatoes (Ipomoea batatas Lam.) (2).  An estimated 2% of 

sweetpotatoes are lost to Rhizopus soft rot by the time they reach the retail market (3), but 

losses can be sporadic since only a few rotted roots can cause shipments to be rejected.  R. 

stolonifer requires a wound for infection and to cause disease.  Spores of R. stolonifer are 

ubiquitous in the environment, and in the presence of a wound, they germinate to produce 

mycelia and pectolytic enzymes which cause a soft, watery rot.  Whiskery, white mycelium 

that becomes covered with powdery, black sporangiospores is a characteristic sign of R. 

stolonifer (Figures 4.1 and 4.2).  An entire root can become completely rotted in 3 to 4 days 

after roots leave the packinghouse in good condition to arrive at their destination completely 

decayed.   

Two key points where wounding can occur are during harvesting and packing.  

During harvest, roots are brought to the soil surface using specialized plows or chain diggers 

and hand-loaded into 20- or 40-bu capacity palletized bins.  Wounds occur at the stem end 

where the root is removed from the plant in addition to wounds caused by digging equipment 

and the loading and transport of bins.  Immediately following harvest, bins are transported to 

specialized storage rooms and roots are cured by exposure to high temperature (29°C) and 

relative humidity (85-90%).  The curing process aids in healing harvest wounds and results in 

reduced losses during storage due to R. stolonifer and other diseases.  After 5 to 7 days, the 

temperature is dropped to 13°C for long-term storage.  In the U.S., sweetpotato roots are 
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commonly stored for up to 12 months after harvest, enabling producers to provide a year 

round supply.   

Roots are washed, graded, and shipped based on market demand.  The packing 

process begins when pallet bins are brought out of storage and roots are poured into a large 

tank of water (dump tank) using either a forklift or mechanized system.  The layout of 

individual packinglines varies, but all function to remove clinging field soil and sort the roots 

by grade (i.e. size, shape, and quality).  A packingline has a series of overlapping 

components that remove soil through brushes and water sprays, applies fungicide, sorts roots 

by size and defects, and loads roots into fiberboard cartons.  The cartons are usually stacked 

by hand onto pallets and loaded the same day into trailers for transport to market.     

Sweetpotatoes can be wounded in three ways on packinglines: i) by ‘skinning’, when 

the skin or periderm is sloughed off the root; ii) by broken root ends that are snapped off by 

packingline workers or the packing process; and iii) by bruises when the root tissue is 

crushed during packing.  Controlled experiments found that wounds caused by bruising result 

in increased susceptibility to infection by R. stolonifer as compared to the other types of 

wounds (9).   

Management options for controlling Rhizopus soft rot of sweetpotato are limited.  No 

cultivars are known to be completely resistant.  Beauregard, the most commonly grown 

cultivar in the last 10 years, is considered moderately resistant to Rhizopus soft rot but 

susceptibility can vary greatly depending on preharvest conditions (4).  This variability in 

susceptibility results in sporadic losses which tend to result in entire shipments being rejected 

at the point of sale.   
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To prevent losses from Rhizopus soft rot, the majority of sweetpotato packinghouses 

make prophylactic applications of the fungicide dicloran (Botran) as a spray or dip treatment 

on the packingline.  Because the fungicide is applied so close to the time of consumption, the 

amount of residue left on the product is of great concern to regulatory agencies and 

consumers.  As of January 2008, no residues of dicloran were allowed on exports to the 

European Union.  Producers of infant food and organic foods also have a zero tolerance for 

dicloran residues.  Because there are no other fungicides registered to control Rhizopus soft 

rot on sweetpotato, packers are forced to either lose these markets or risk losses incurred by 

shipping without fungicide protection.   

The objective of this research was to identify alternative control products, including 

reduced-risk fungicides (newer fungicides considered to have a lower risk of human and 

environmental toxicity), biological products (formulations based on biological control 

organisms as the active ingredient), and GRAS compounds (products considered generally 

recognized as safe) for control of Rhizopus soft rot.  The trial results for some individual 

years have previously been published (5, 6, 7, 8).   

 

Product Efficacy Trials 

 A total of nine individual trials were conducted at either the Central Crops Research 

Station in Clayton, NC or the Horticulture Crops Research Station in Clinton, NC over a 

period of 4 years.  U.S. No. 1 grade roots of cv. Hernandez were used in all trials as this 

cultivar is consistently susceptible to Rhizopus soft rot (1).  All roots were grown 

commercially in North Carolina using standard cultural methods, cured after harvest, and 
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stored at 13°C in a commercial storage facility until experiments were conducted.  Roots 

were collected directly from bulk bins and transported to the research facility.  One day prior 

to a trial, roots were gently handwashed with tap water and allowed to dry at room 

temperature.   

 The R. stolonifer isolate used in these trials was collected in 1992 from a sweetpotato 

root showing Rhizopus soft rot symptoms and signs and stored on silica crystals at 3ºC (12).  

To produce inoculum, silica crystals were transferred to potato dextrose agar (Difco; Sparks, 

MD) and held at room temperature (22°C) to induce production of sporangiospores.  After 6 

days, approximately 10 ml of sterile water was added to each plate and the sporangiospores 

were dislodged by gently rubbing the surface with a bent glass rod.  The resulting suspension 

was filtered through four layers of cheesecloth to remove mycelial fragments and agar pieces.  

The spore suspension was diluted with 0.01% octylphenol ethoxylate (Triton™ X-15, Dow, 

New Jersey) to a concentration of 106 sporangiospores/ml to reduce clumping.  The 

suspension was kept refrigerated (1-2°C) overnight. 

 Roots were inoculated using a technique developed for sweetpotatoes (9).  First, an 

impact bruise (8 mm diameter × 1 mm deep) was made to opposite sides of the mid-section 

of each root by the calibrated impact of a wood dowel (Figure 4.3).  Inoculum was 

introduced by brushing the R. stolonifer suspension over the wounded area with a 1-inch 

foam paintbrush (Figure 4.4).   

 After allowing the roots to airdry (ca. 60 minutes), fungicide treatments were applied.  

All treatments, except copper ionization treatment, were suspended in 10 gal of tap water.  

For the copper ionization treatment, the target concentrations of copper ions in solution were 
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produced on-site using commercial ionizing equipment (Superior Aqua, Sarasota, FL) to treat 

10 gallons of tap water.  All treatments were applied by submerging roots in the treatment 

suspension for 30 sec unless otherwise noted.  Roots were gently agitated while submerged 

to ensure complete coverage.  A total of 33 treatments (17 products) were tested against the 

standard dicloran (Botran 75W, Gowan Company, Yuma, AZ) treatment in nine trials (Table 

4.1).  Three control treatments in each trial included: 1) non-wounded, non-inoculated; 2) 

wounded, non-inoculated; and 3) wounded, inoculated.   

 After treatment, roots were placed in commercial plastic storage crates (15/crate; four 

replicates/treatment).  The crates were arranged in a randomized complete block design and 

stored at 16°C.  Roots were evaluated for Rhizopus soft rot incidence after 10 days in storage 

(Figure 4.5).  Infected roots were easily detected because 60-100% of the root mass was soft 

while non-infected roots were firm and showed no symptoms or signs of decay.   

 Disease incidence values for all trials and all treatments were combined and analyzed 

using ANOVA in SAS 8.0 (SAS Institute, Cary, NC) to compare treatments across trials.  

Data were standardized by weighting decay incidence in treatments against decay in the 

wounded, inoculated control to account for variability in susceptibility.  No significant trial 

or treatment by trial interaction was seen.  The Student-Newman-Kuel’s test was used to 

separate means (P=0.05).   

 Wound colonization counts were completed on the first six trials of Pseudomonas 

syringae (Bio-Save 10LP and 11LP, Jet Harvest Solutions, Longwood, FL) treatments.  Non-

inoculated roots were puncture wounded (1 mm diameter x 4 mm depth) and the appropriate 

Bio-Save treatment was applied as previously described.  The roots were allowed to air dry 
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and shipped on ice packs to the Jet Harvest Solutions testing lab (Longwood, FL) for 

determining colonization.  Roots arrived within 24 hours and P. syringae counts were 

completed by dilution plating onto nutrient yeast dextrose agar.  Wound colonization counts 

were not done for the Metschnikowia fructicola (Shemer) treatments. 

 

Effect of decay control treatments on Rhizopus soft rot 

The inoculation method utilized in these trials resulted in high levels of disease 

(mean= 95.8%, std. dev.=7.3%) in the wounded, inoculated control across all experiments 

(Figures 4.6, 4.7, and 4.8).  No decay developed in the non-wounded, non-inoculated control 

and very little decay developed in the wounded, non-inoculated control (mean=5.4%; std. 

dev.=9.1%).  Dicloran (Botran) performed well in all trials (mean=10.4 %; std. dev.=9.9).   

Fungicides.  Boscalid plus pyraclostrobin (Pristine, 38WG, BASF Ag Products, 

Research Triangle Park, NC) was evaluated at four rates and in several different trials for a 

total of five treatments.  These treatments resulted in low levels of decay that were not 

significantly different from dicloran (Figure 4.6).  No significant rate effect was seen, 

although 36.3 fl oz/100 gal resulted in the numeric highest level of control (mean=10.9%; 

std. dev.=4.2).   

Fludioxonil (Scholar 50WP, Syngenta Crop Protection, Greensboro, NC) performed 

similar to dicloran in tests of two formulations,  a wettable powder (50WP) and a soluble 

concentrate (250SC)  No significant differences were found in efficacy of the two 

formulations or rates  (Figure 4.6).  The treatment duration (30 vs. 60 second dip) had no 

significant effect on performance of fludioxonil (Scholar 50WP 16 oz (11.4% and 7.4%, 
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respectively).  Maxim 4FS (Syngenta Crop Protection, Greensboro, NC), which is a seed 

treatment formulation for use only on sweet potato at planting, was tested in early trials and 

significantly reduced Rhizopus decay (mean=17.9 %, std. dev.=0.6 %).  Maxim 4FS is 

labeled for control of Rhizopus rot during transplant production but not postharvest use.   

Fenhexamide (Elevate 50WDG, Arysta LifeScience North America, Cary, NC) was 

not effective in control of Rhizopus soft rot in this study.  These results were not surprising 

as fenhexamide has also proven ineffective in the control of Rhizopus soft rot in other 

commodities such as strawberry and against R. stolonifer in vitro (13). 

Sodium o-phenylphenol (SOPP; Freshgard 25, FMC Corporation, Philadelphia, PA) 

was moderately effective against Rhizopus soft rot.  SOPP registrations were dropped in 

2005 because it irritates skin and mucous membranes (i.e., eyes and throat) and was 

considered more hazardous to workers than dicloran.   

Bio-fungicides.  None of the biological treatments performed as well as dicloran, but 

some suppression of Rhizopus rot were indicated by three products (Figure 4.7).   

Bio-Save 10LP and 11LP are two different strains of non-pathogenic Pseudomonas 

syringae (strain ESC10 and ESC11, respectively).  The Bio-Save 10LP is labeled for control 

of Mucor rot of apples, caused by Mucor piriformis which is closely related to R. stolonifer. 

Averaged over all trials, treatments with P. syringae (except 22 oz of Bio-Save 11LP) 

were not effective in control of Rhizopus soft rot.  A rate effect was seen in tests of Bio-Save 

10LP but was not apparent in tests of the 11LP (Figure 4.7).  There was no significant 

difference in efficacy at the high rate (70.5 oz rate) of each formulation, although the mean 

decay was lower in the LP10 compared to LP11 (41.2 % vs. 54.5 % decay).  Based on an 
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early trial showing high efficacy, Bio-Save 11LP was labeled for use on sweetpotatoes in 

2005 (5, 6).  Subsequent testing has demonstrated high variability across trial dates.  Wound 

colonization by P. syringae in the first six trials fell within the expected range for the 

treatment rate and was not significantly different among trial dates (data not shown), making 

it unlikely to be responsible for reduced efficacy.   

The tank-mix of boscalid plus pyraclostrobin with BioSave LP11 improved control 

compared to either product alone.  The cause of increased efficacy is unknown, although the 

different modes of action may have resulted in an additive effect.   

Shemer (AgroGreen Minrav) is the trade name for a bio-fungicide developed in 

Israel; the active ingredient is a strain of Metschnikowia fructicola,.  Preharvest applications 

of M.  fructicola have significantly reduced postharvest decay of strawberries which is 

caused by a mixed infection of R. stolonifer and Botrytis cinerea (10).  None of the 

treatments with M. fructicola, with or without 0.01% potassium bicarbonate, reduced decay 

significantly.   

Generally recognized as safe (GRAS) Treatments.  Rhizopus soft rot was not 

prevented by any GRAS product tested as decay in all was similar to the inoculated control 

(Figure 4.8).  This was not surprising as most products tested are labeled as sanitizers, not 

fungicides.  As in other commodities, many products are marketed to sweetpotato packers 

with claims of disease control efficacy but have limited supporting data.  GRAS products 

were included in these trials to provide replicated trial data for judging efficacy.   

Calcium chloride has been used as a successful postharvest treatment of peaches for 

control of brown rot caused by Monilinia laxa (15), but was ineffective against R. stolonifer 
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in this trial.  Potassium bicarbonate used alone did not significantly reduce decay.  Potassium 

sorbate, a prepared-food preservative, also failed to reduce decay in these trials.  Rhizopus 

soft rot of apricots was less for fruit treated by potassium sorbate, but not for fruit of 

nectarines or sweet cherries (11).  Heating the treatment suspension and/or adjusting the pH 

may increase efficacy of potassium sorbate (14).  

Tsunami 100 (Ecolab, St. Paul, MN), StorOx (Bio-safe Systems, LLC, East Hartford, 

CT), and sodium hypochlorite are used to sanitize packinglines and commonly added to 

dump tanks on sweetpotato packinglines.  While these products may reduce microbial counts 

in water, none were effective in controlling Rhizopus soft rot in these trials.   

Copper ionization has been proposed as a sanitizing method for agricultural water and 

some companies are marketing the technique for disease control.  Roots treated in copper 

ionized water for 30 or 120 sec developed as much Rhizopus soft rot as the wounded, 

inoculated control.   

 

Summary 

These trials have identified two reduced-risk fungicides, Scholar and Pristine, with the ability 

to effectively control Rhizopus soft rot of sweetpotatoes.  The active ingredient in Scholar, 

fludioxonil, is known to be effective against Rhizopus soft rot of peaches and is labeled for 

postharvest use on that crop (16).  Boscalid plus pyraclostrobin (Pristine) is effective at 

reducing Rhizopus soft rot of strawberries (13).  Scholar and Pristine are not labeled for use 

on sweetpotatoes, however, a label for Scholar is expected in November 2008 (A. Talley, 

Syngenta Crop Protection, Personal communication).   
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The biological control products were not as effective as the reduced-risk fungicides in 

these trials.  Bio-Save 11LP showed suppression of Rhizopus soft rot and is currently labeled 

for postharvest applications on sweetpotatoes.  Additional work is needed to optimize and 

stabilize efficacy of Bio-Save 11LP.  These results also confirm that products labeled as 

sanitizers (i.e., bleach, acetic acid, copper ionized water, etc) are ineffective against Rhizopus 

soft rot by the methods used in this study.   

Trial products were only tested using a single application method: dipping in a 

treatment suspension for 30 or 120 sec.  Many packing houses use overhead sprays over 

rotating brushes or a tank mix fungicide combined with food grade waxes to improve root 

appearance.  Preliminary tests with dicloran show no significant difference between dip and 

overhead spray above rotating brushes (data not shown).  Additional research is needed to 

understand the interaction of fungicides with waxes and the efficacy of other application 

methods.  Furthermore, performance may be influenced by the method of inoculation.  

Disease incidence in the wounded, inoculated control is far greater than would be expected 

under normal commercial practices.  However, dicloran, fludioxonil, and boscalid plus 

pyraclostrobin were highly effective under the conditions of our experiments.   
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Table 4.1.  Products tested for efficacy against Rhizopus soft rot of sweetpotatoes, 2003-

2008. 

Treatment 

[Active ingredient(s)] 

Product rates 

trials 

(per 100 gal)* Trade name; Company 

dicloran  1 lb Botran 75W; Gowan Company LLC 

boscalid + pyraclostrobin  9.1, 18.1, 36.3, 

72.5 oz 

Pristine 38WG; BASF Ag Products 

fludioxonil 16.5, 33 fl oz Scholar 230SC; Syngenta Crop Protection

fludioxonil 8, 16 oz Scholar 50WP; Syngenta Crop Protection 

fludioxonil 1.6 fl oz Maxim 4FS; Syngenta Crop Protection 

fenhexamid  24 oz Elevate 50WDG; Arysta LifeScience 

SOPP (sodium o-

phenylphenol) 

89.3 fl oz Freshgard 25; FMC Corporation 

Pseudomonas syringae strain 

ESC10 

22, 70, 70.5 oz Bio-Save 10LP; Jet Harvest Solutions 

P. syringae strain ESC11 22, 70.5 oz Bio-Save 11LP; Jet Harvest Solutions 

boscalid + pyraclostrobin tank 

mixed with P. syringae strain 

18.1 oz + 22 oz Pristine 38WG; BASF  

Bio-Save 10LP; Jet Harvest Solutions 
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ESC10 

Metschnikowia fructicola 13.4 oz, 26.7 oz Shemer, AgroGreen Minrav 

M. fructicola tank mixed with 

KHCO3

13.4 oz + 

0.01%; 

26.7 oz + 

0.01% 

Shemer; AgroGreen Minrav 

KHCO3; Fisher Scientific 

sodium hypochlorite  50 ppm, 200 

ppm 

Clorox; The Clorox Co 

calcium chloride (CaCl2) 8.35 lb Fisher Scientific 

copper ionized water  5.2 ppm Superior Aqua 

potassium sorbate (C6H7KO2) 3, 5 % Fisher Scientific 

hydrogen dioxide  15, 125 fl oz StorOx; BioSafe Systems, LLC  

acetic acid+peroxyacetic acid 

+hydrogen peroxide 

6 fl oz Tsunami 100; Ecolab 

potassium bicarbonate 

(KHCO3) 

0.01% Fisher Scientific 

*Rate is expressed as amount of formulated product per 100 gallons of water 
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Figure 4.1.  Rhizopus stolonifer sporulation on sweetpotato root.  
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Figure 4.2.  Rhizopus soft rot in packed container.   
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Figure 4.3. Close-up of inoculation wound (8 mm diameter × 1 mm deep) utilized in these 

studies. 
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Figure 4.4. Applying R. stolonifer suspension to wounded areas on roots.  Arrow indicates 

wound. 
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Figure 4.5. Diseased roots at 10 days after inoculation.  Softening and sporulation are 

evident around the inoculated wound. 
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Figure 4.6.  Efficacy of alternative fungicides against Rhizopus soft rot of sweetpotatoes, 

2003-2008. 
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Figure 4.7.  Efficacy of bio-fungicides against Rhizopus soft rot of sweetpotatoes, 2003-

2008. 
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Figure 4.8. Efficacy of generally recognized as safe (GRAS) products against Rhizopus soft 

rot of sweetpotato, 2003-2008. 
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CHAPTER 5.  MULTI-STATE EXTENSION BULLETIN: POSTHARVEST 
HANDLING OF SWEETPOTATOES. 
 
The following document is an Extension bulletin published in August 2008 and first authored 
by Brooke A. Edmunds.  This publication was a complete revision of a 1997 Extension 
bulletin of the same title.  Information was updated based on the most recent research on 
how packingline impacts affect disease development and new sections were added on food 
safety and packingline sanitation.   
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APPENDIX A.  EFFECT OF PLANTING AND HARVEST DATE ON 

POSTHARVEST SUSCEPTIBILITY OF SWEETPOTATOES TO RHIZOPUS SOFT 

ROT IN NORTH CAROLINA 

 

OBJECTIVE 

The 2004 survey of thirty-two commercial sweetpotato fields suggest a correlation 

between planting and harvest dates and susceptibility to postharvest Rhizopus soft rot 

(Chapter 2).  In particular, fields planted in late June and July were shown to have a higher 

susceptibility to R. stolonifer.  The objective of this experiment was to further explore the 

relationship of planting and harvest dates to Rhizopus soft rot susceptibility under more 

controlled conditions.  

 

METHODS 

Plot set-up and management.  Experimental plots were established in 2005 and 

2006 on the Cunningham Research Station near Kinston, NC.  Plots were located in a 

different field each year to avoid continuous rotation with sweetpotato.  Herbicide, 

insecticide and fertilizer were applied according to standard recommendations in each year.  

Prior to planting, the field was disked and rows were formed.  Plots were planted with cv. 

Beauregard vine cuttings in mid-May and mid-July (22.9 cm spacing between plants and 

48.3 cm between rows).  Each planting date plot consisted of 8-9.1 m long rows.  One half of 

the plot (four rows) was harvested at 90 days after planting (DAP) and the remaining four 

rows were harvested at ~120 DAP (Table A.1).  At harvest, roots were mechanically disked 
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to the surface.  Four replications of 20 roots (U.S. No. 1 grade) were taken from each 

planting/harvest date combination and hand loaded into ventilated plastic crates.  The crates 

were transported to a storage facility at the Horticultural Crops Research Station in Clayton, 

NC.  Roots were cured (29.4ºC at 95% relative humidity) for five days and then the 

temperature was dropped to 18.3ºC for the remainder of the storage period (100 days total).   

Rhizopus soft rot susceptibility testing.  After 100 days in storage the roots were 

inoculated with a Rhizopus spore suspension.  The R. stolonifer isolate used in this study was 

originally collected in 1992 from a sweetpotato showing Rhizopus soft rot symptoms and 

signs and stored on silica crystals at 3 C (Perkins, 1962).  To produce inoculum, silica 

crystals were transferred to potato dextrose agar (Difco, Sparks, MD) and incubated at room 

temperature (21-22 C) for five days.  The plates were then washed with a 0.01% octylphenol 

ethoxylate (Triton™ X-15, Dow, New Jersey) solution and the spores removed by gently 

rubbing with a bent glass rod.  The suspension was filtered through three layers of 

cheesecloth to remove mycelial fragments and adjusted to a concentration of 106 

sporangiaspores/mL.  The resulting spore suspension was stored at 3 C overnight.  The day 

of inoculation, roots were wounded on opposite sides of the midsection with an impact 

wound device which created a consistent wound (8 mm diam × 1 mm deep).  The wounds 

were immediately painted with the spore suspension using a foam brush.  After inoculation 

roots were placed into ventilated plastic storage crates and stored at 15.6-18.3 C. At 10 days, 

roots were rated for incidence of Rhizopus soft rot.   

Weather data.  Weather data for the growing season in each year was obtained from 

the NC CRONOS database.  An on-site weather station recorded air temperature (2 m 
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height), soil temperature (0.1 m depth), hourly precipitation and soil moisture (0.2 m depth).  

Stress variables were calculated as in Chapter 2 and included high/low soil temperature 

stress, drought stress, and flood stress for the 1, 2, 3, and 4 weeks before harvest and the 

entire growing season.   

Analysis of data.  All statistical tests used in the data analysis were performed at the 

95% confidence level.  Non-transformed data was subjected to analysis of variance (PROC 

ANOVA, SAS Institute, Cary, NC).  Least significant difference (LSD) values for planting 

and harvest date combination were calculated.   

 

RESULTS AND DISCUSSION 

Based on the analysis of the 2004 survey of commercial fields, we hypothesized that 

disease susceptibility was correlated to planting and harvest dates.  However, based on this 

controlled study, the correlations to a specific planting or harvest date were likely 

confounded by environmental factors occurring prior to harvest.   

Roots from plants that were planted in mid-May and harvested at 90 DAP were 

significantly more susceptible to Rhizopus soft rot in both years of this study when compared 

to the 120 DAP treatment.  This indicates a possible effect of plant age on disease 

susceptibility, although further studies are required to determine the cause of this 

phenomenon (phenolic content, nutrient content, periderm thickness, etc.).  It is important to 

keep in mind that a commercial grower would likely delay harvest longer than 90 days after 

planting to increase the proportion of roots which reach U.S. No. 1 grade.   
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However, in the mid-July planting date there was no consistent relationship in R. 

stolonifer susceptibility between the 90 DAP and 120 DAP harvest dates.  In 2005, the 90 

DAP harvest showed no decay while in 2006 decay incidence was over 95%.  There was also 

a difference in the 120 DAP treatment; in 2005 decay incidence was ~25% while in 2006 the 

120 DAP roots showed 80% decay.  Different weather conditions between the years could be 

a factor; for example drought stress differed significantly between years.  In the four weeks 

before harvest in the 90 DAP treatment, there were 5 days of drought stress in 2005 

compared to 0 days of drought stress in 2006.  However, no difference was detected between 

drought stress, or any other environmental condition, between years for the mid-July 

planted/120 DAP harvest treatment although disease incidence was significantly different 

(p=0.05).   

These results strongly suggest that weather conditions prior to harvest, not specific 

planting or harvest dates, affect postharvest Rhizopus soft rot susceptibility.  However the 

variability seen in this experiment indicates that further study is needed to define the 

relationship between weather conditions and Rhizopus soft rot susceptibility.   
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Table A.1.  Planting and harvest dates of cv. Beauregard sweetpotatoes at the Cunningham 
Research Station near Kinston, NC 
 
 Planting Date Early Harvest Date (~90 

DAP*) 
Regular Harvest 
Date (~120 DAP) 

2005    
Early planted May 25 Aug 22 Sep 19 
Late planted July 12 Oct 14 Oct 28 

2006    
Early planted May 23 Aug 28 Sep 25 
Late planted Jul 13 Oct 12 Oct 25 

*Days after planting 
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Figure A.1.  The relationship between planting and harvest dates to susceptibility of 
sweetpotatoes to postharvest Rhizopus soft rot (Kinston, NC; 2005 and 2006).    
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APPENDIX B.  EFFECT OF PREHARVEST APPLICATIONS OF THE HERBICIDE 

FLUMIOXAZIN ON POSTHARVEST SUSCEPTBILITY OF SWEETPOTATOES 

TO RHIZOPUS SOFT ROT  

 

OBJECTIVE 

Certain herbicide active ingredients are suspected of altering sweetpotato foliage and 

root physiology.  In the first two years (2004 and 2005) of the preharvest effects on disease 

susceptibility study (Chapter 2), statistically significant correlations were seen between 

Rhizopus soft rot susceptibility and applications of herbicides containing the active 

ingredients flumioxazin (Valor®) and clomazone (Command®).  This experiment was 

undertaken to determine the effect of variable rates of preharvest applications of flumioxazin 

[combined with several rates of s-metolachlor (Dual®)] on Rhizopus soft rot susceptibility 

under replicated conditions.   

 

METHODS 

This study was conducted in 2007 at the Cunningham Research Station near Kinston, 

NC in cooperation with K. Jennings (Horticultural Science, NCSU).  Three rates of pre-

transplant applied flumioxazin (0, 2.5, and 3.0 oz/acre) combined with three rates of pre-

transplant applied s-metolachlor (0.75, 1.0, 1.25 oz/acre) were compared to a weed-free 

check.  Beauregard vine cuttings were transplanted on 6 Jun 07, 3 days post-application, with 

a 30.5 cm plant spacing and a 48.3 cm row spacing.  Experimental design was a randomized 

block design with four 7.6 m long replications per application rate treatment.  The weed-free 
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check was maintained by hand and mechanical weeding at weekly intervals.  The primary 

weed species present was Amaranthus spp. (commonly known as pigweed).   

At harvest (9 Sep 07), twenty roots were sampled from each replication and placed 

into ventilated plastic crates.  The crates were transported to a storage facility in Clayton, 

NC.  Roots were cured (29.4ºC at 95% relative humidity) for five days and then the 

temperature was dropped to 18.3ºC for the remainder of the storage period.  After 100 days 

in storage the roots were inoculated with a Rhizopus spore suspension.  The R. stolonifer 

isolate used in this study was originally collected in 1992 from a sweetpotato showing 

Rhizopus soft rot symptoms and signs and stored on silica crystals at 3 C (Perkins, 1962).  To 

produce inoculum, silica crystals were transferred to potato dextrose agar (Difco, Sparks, 

MD) and incubated at room temperature (21-22 C) for five days.  The plates were then 

washed with a 0.01% octylphenol ethoxylate (Triton™ X-15, Dow, New Jersey) solution and 

the spores removed by gently rubbing with a bent glass rod.  The suspension was filtered 

through three layers of cheesecloth to remove mycelial fragments and adjusted to a 

concentration of 106 sporangiospores/mL.  The resulting spore suspension was stored at 3 C 

overnight.  The day of inoculation, roots were wounded on opposite sides of the midsection 

with an impact wound device which created a consistent wound (8 mm diam × 1 mm deep).  

The wounds were immediately painted with the spore suspension using a foam brush.  After 

inoculation, roots were placed into ventilated plastic storage crates and stored at 15.6-18.3 C. 

At 10 days, roots were rated for incidence of Rhizopus soft rot.   
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RESULTS AND DISCUSSION 

In this study, no relationship was observed between flumioxazin application 

combined with s-metolachlor and Rhizopus soft rot susceptibility, as disease susceptibility 

was very low in all treatments (Table A.2).  Flumioxazin applications are known to damage 

aboveground foliage of Beauregard sweetpotatoes, while clomazone applications result in 

little to no damage (Kelly et al., 2006).  The effect of clomazone applications on Rhizopus 

soft rot susceptibility of sweetpotatoes has not yet been confirmed in controlled studies.  

Additional studies under conditions of greater Rhizopus soft rot incidence are necessary to 

determine the effect of flumioxazin on postharvest susceptibility of sweetpotatoes to 

Rhizopus soft rot.   
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Table A.2.  Effect of flumioxazin application on postharvest susceptibility to Rhizopus soft 
rot. 
 

Flumioxazin +  
s-metolachlor (oz/acre) 

Rhizopus incidence (%) 

0 + 0 (Weed-free check) 0 a* 
0 + 0.75 0 a 
0 + 1.0 0 a 
0 + 1.25 0 a 
2.5 + 0.75 0 a 
2.5 + 1.0 0 a 
2.5 + 1.25 0 a 
3.0 + 0.75 0 a 
3.0 + 1.0 0.05 a 
3.0 + 1.25 0 a 

*numbers followed by the same letter are not significantly different (P=0.05) 
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APPENDIX C.  EFFECT OF CROP ROTATION ON POSTHARVEST 

SUSCEPTIBILITY OF SWEETPOTATOES TO RHIZOPUS SOFT ROT IN NORTH 

CAROLINA 

 

OBJECTIVE 

The results of a survey of thirty-two commercial fields in 2004 indicated a significant 

correlation between the previous year’s rotation crop and increased susceptibility of 

sweetpotatoes to postharvest Rhizopus soft rot (Chapter 2).  The objective of this experiment 

was to determine the effect of different rotation crops on postharvest susceptibility of 

sweetpotatoes to Rhizopus soft rot under replicated conditions.   

 

METHODS 

Experimental plots of rotation crops were established at the Cunningham Research 

Station near Kinston, NC (Table A.3).  The experimental design was a randomized complete 

block with six rotation crop treatments (sweetpotato, tobacco, corn, fallow, cotton and 

soybean) and four replications per rotation treatment.  The experiment was conducted twice 

and staggered in time (2004 and 2005).  Herbicide, insecticide and fertilizer were applied 

according to general recommendations for each crop.  Prior to planting sweetpotatoes as the 

final rotation, the entire field was disked, fumigated and rows were formed.  Sweetpotato cv 

Beauregard vine cuttings were transplanted with 30.5 cm between plants and a 48.3 cm 

spacing between rows.  Weather data for the growing season in each year was obtained from 
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the NC CRONOS database.  An on-site weather station recorded air temperature (2 m 

height), soil temperature (0.1 m depth), hourly precipitation and soil moisture (0.2 m depth).   

At harvest, twenty roots were sampled from each rotation treatment replication and 

placed into ventilated plastic crates.  The crates were transported to a storage facility at the 

Horticultural Crops Research Station in Clayton, NC.  Roots were cured (29.4ºC at 95% 

relative humidity) for five days and then the temperature was dropped to 18.3ºC for the 

remainder of the storage period.  After 100 days in storage the roots were inoculated with a 

Rhizopus spore suspension.  The R. stolonifer isolate used in this study was originally 

collected in 1992 from a sweetpotato showing Rhizopus soft rot symptoms and signs and 

stored on silica crystals at 3 C (Perkins, 1962).  To produce inoculum, silica crystals were 

transferred to potato dextrose agar (Difco, Sparks, MD) and incubated at room temperature 

(21-22 C) for five days.  The plates were then washed with a 0.01% octylphenol ethoxylate 

(Triton™ X-15, Dow, New Jersey) solution and the spores removed by gently rubbing with a 

bent glass rod.  The suspension was filtered through three layers of cheesecloth to remove 

mycelial fragments and adjusted to a concentration of 106 sporangiospores/mL.  The 

resulting spore suspension was stored at 3 C overnight.  The day of inoculation, roots were 

wounded on opposite sides of the midsection with an impact wound device which created a 

consistent wound (8 mm diam × 1 mm deep).  The wounds were immediately painted with 

the spore suspension using a foam brush.  After inoculation, roots were placed into ventilated 

plastic storage crates and stored at 15.6-18.3 C. At 10 days, roots were rated for incidence of 

Rhizopus soft rot.   
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RESULTS AND DISCUSSION 

There were significant differences in Rhizopus soft rot susceptibility between the two 

years of the study (Figure A.2).  Across all rotation crop treatments, the mean decay was 

9.1% in 2005 and 72.6% in 2006.  Within each of the two years, however, there was no 

significant difference in disease susceptibility among the different rotation crops.  These 

results suggest that the relationship between crop rotation and disease susceptibility seen in 

the survey fields (Chapter 2) is most likely incidental.   

An analysis of the weather conditions at the Cunningham Research Station show 

differences between 2005 and 2006.  The average soil temperature and soil moisture for the 

2005 growing season was 27.3 C and 0.19 m3/m3, respectively.  During the 2006 growing 

season, however, the average soil temperature was colder (26.3 C) and the average soil 

moisture was higher (0.26 m3/m3) than in 2005.  Therefore, it is more likely that differences 

in weather conditions between years is a main factor affecting root physiology which in turn 

effects on Rhizopus soft rot susceptibility.   
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Table A.3. Crop rotation scheme tested at the Cunningham Research Station near Kinston, 
NC, 2003-2006. 
 

 Year 1 
2003 

winter 
cover 

Year 2 
2004 

winter 
cover 

Year 3 
2005 

winter 
cover 

year 4 
2006 

Block 1        
 soybean wheat sweetpotato wheat sweetpotato   
 soybean wheat tobacco wheat sweetpotato   
 soybean wheat corn wheat sweetpotato   
 soybean wheat fallow wheat sweetpotato   
 soybean wheat cotton wheat sweetpotato   
 soybean wheat soybean wheat sweetpotato   
Block 2        
 soybean wheat sweetpotato wheat sweetpotato wheat sweetpotato 
 soybean wheat sweetpotato wheat tobacco wheat sweetpotato 
 soybean wheat sweetpotato wheat corn wheat sweetpotato 
 soybean wheat sweetpotato wheat fallow wheat sweetpotato 
 soybean wheat sweetpotato wheat cotton wheat sweetpotato 
 soybean wheat sweetpotato wheat soybean wheat sweetpotato 
Shaded cells indicated sweetpotato plots that were harvested and tested for Rhizopus soft rot 
susceptibility 
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Figure A.2.  The relationship between previous crop and susceptibility of sweetpotatoes to 

postharvest Rhizopus soft rot (Kinston, NC).   
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